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INTRODUCTION

This report concerns primarily with the description of the surficial

or near surficial sediments of the continental shelf of the Alaskan portion

of the Beaufort Sea. The distributional patterns of the granulometric,

clay mineralogic and chemical compositions of the surficial sediments are

displayed on maps. The characteristics of the size distributions of par-

ticles are discussed in light of the present hydrodynamic and ice condi-

tions and on the limited knowledge of the late Pleistocene history of the

Beaufort Sea continental shelf. Clay mineral compositions are discussed

in terms of the possible terrigenous sources and their dispersal by pre-

vailing currents. Baseline concentrations and yearly fluxes of a suite

of metals pertaining to sediments are established. An attempt is made to

understand the partitioning patterns of the metals in various sediment

fractions.

In this report an effort is made to relate the granulometric  composi-

tion of surficial sediments to potential engineering hazards in the Alaskan

Beaufort Sea. However, some of the foregoing discussions must be consid-

ered somewhat speculative, in view of the fact that no specific complemen-

tary measurements of the engineering properties of substrates were made.

The potential usefulness of mapping the surficial geology of any marine

area, to provide a basis for presenting and understanding some of the

hazards that may be associated with engineering construction activities,

was lucidly discussed (with special reference to the Canadian Arctic)

elsewhere by Pelletier (1379).

Additional discussions in this report refer to the sedimentation rate

measurements in the lagoons, possible mechanism for the unusual concentrations



of sediments in sea-ice, and the origin and stability of the barrier

island-lagoon systems.

This report should provide baseline data to detect and, possibly

also provide criteria to predict impacts of anthropogenic activities in

the North Arctic Alaska.

Salient features of the regional climate, geology and hydrography

for the Beaufort Sea nearshore, North Arctic Alaska were earlier summa-

rized by Naidu and Mowatt (1974) and Northern Technical Services (1981),

and therefore these will not be repeated here.

MATERIALS AND METHODS

All data available since 1972 (Dygas et al., 1971; Tucker, 1973;

Barnes, 1974; Alexander et al., 1975; Naidu, 1979, 1982; and Naidu and

Mowat t, 1974, 1975a, 1975b, 1976 and 1982) on the size distributions of

sediments were collated and integrated into this paper. The textural

data gathered by Carsola (1954), however, were purposely excluded because

the calculation of grain size statistical parameters by him were based on

Inman’s method (1952), which was significantly different than those

adopted since 1970 (e.g., Folk and Ward, 1957). This synthesis is based on

size analysis of 330 grab or core top sediment samples from the open

Beaufort Sea (Fig. 1), and about 100 analyses of grab sediment samples and

10 vibrocore samples from the deltaic environment (e.g., lagoons, sound,

bays, beaches, dunes, etc.). The locations of the latter suite are shown

in Figures 2a, 2b, 3, 4 and 5a. The granulometric analyses were achieved

by the usual sieve-pipette technique (Folk, 1968). Each of the values of

gross textural attributes (e.g., percentages of gravel, sand, silt, clay
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and mud) as well as two conventional grain size statistical parameters,

mean size and graphical standard deviation (after Folk and Ward, 1957)

were digitally transferred onto maps of the Beaufort Sea and isopleths

plotted.

The clay mineral analytical procedures were discussed in detail else-

where (Naidu and Mowatt, 1974); therefore, only a

follows. The sediment was initially treated with

matter, and then dispersed in deionized-distilled

Dispersion was achieved by repeated washing. The

brief description

H202 to remove organic

water into suspensions.

< 2 pm e q u i v a l e n t

spherical diameter (e.s.d.) size fraction from each of the sediment sus-

pensions was separated by settling techniques. The < 2 Urn fractions were

smeared on glass slides (Gibbs, 1965) and air dried. Prior to, as well

as following

were run for

meter with a

glycolation  by vapor phase exposure for 24 hours, the slides

clay mineral analysis on a Phillips-Norelco X-ray diffracto-

scintillation detector, using Ni-filtered copper K radiation.
a

Criteria adopted for the identification of the various clay minerals

were outlined elsewhere (Mowatt et az. , 1974; Naidu and Mowatt, 1974).

The Expandable Group included all clay minerals that expanded upon glycola-

tion and displayed a basal diffraction peak in the vicinity of 17 ~.

Given the large number of samples involved, and the reconnaissance nature

of this initial work, we have refrained from

the various expandable mineral phases (e.g. ,

phases, etc.) besides smectite that might be

group. However it should be noted

components exhibit characteristics

(1958a) in Ordovician Womble Shale

that some

attempting to resolve further

vermiculites, mixed-layer

embraced within the above

of the expandable clay mineral

similar to materials described by Weaver

of southeastern Oklahoma, and, hence are



most likely “degraded” (depotassicated) detrital illites. This is sub-

stantiated by studies (Mowatt et al. , 1974) on several unglycolated and

glycolated clay samples that were initially saturated with either

lN MgC12 or KC1 solutions. Although we recognize the potential value of

more detailed characterization (Hayes, 1973), no attempt was made to

resolve and quantify the more complex mixed-layer clay mineral phases,

minor amounts of which appear to be present in some samples as illite-

smectite or illite-chlorite,  with varying amounts of “vermiculite”. The

term “illite” is used primarily in the sense of Brindley (in Brindley and

Brown, 1980, p. 182), but includes various micas in the < 2 pm particle

size range as well. Despite certain limitations, in particular with

regard to interpretation of mixed-layering, the method adopted by Biscaye

(1965) was followed

relative abundances

of the 3.5 ~ region

for semi-quantitative estimation of clay minerals. The

of chlorite and kaolinite  were estimated on the basis

diffraction peaks (Biscaye, 1964). Overall analytical

precision was t 5 percent. The relative abundances of the various clay

minerals and the kaolinite/chlorite ratios were digitally transferred onto

maps of the Beaufort Sea and isopleths plotted.

Carbonate in the sediment was determined manometrically  (Htilsemann,

1966) . Organic carbon abundance in the sediment was calculated from the

difference between total carbon and carbonate carbon. Total carbon was

estimated in a LECO, TC-12 automatic carbon determinator.

Baseline trace element analyses were performed on gross sediment

samples. For this purpose a representative portion of the gross sediment

sample was taken, dried at 11O”C and pulverized into fine powders using an

agate mortar and pestle. Subsequent elemental analyses were on 10% HN03
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solutions of HF-HN03 digests of sediments (Rader and Grimaldi, 1961), by

atomic absorption spectroscopy using a Perkin-Elmer, Model 603, unit.

Analytical precision for the gross metal analysis was better than 12%,

and the accuracy was checked with reference to U.S.G.S. Standard rock

powders G-2, AGV-1 and BCR-1 (Table 1).

Selective leaching experiments (see results section) were done on

lightly disaggregate sample splits to acquire information on

titioning of eight metals (e.g. Fe, Mn, Zn, V, Cr, Co, Cu and

the sediment constituents. The metal analyses were performed

the par-

Ni) among

using the

Model 603, and the Perkin-Elmer Model 5000 unit with HGA 500 graphite

furnace.

Thin sections of 105 selected rock chip specimens of erratic boulders

and cobbles strewn along the beaches and coastal plain were studied under

a petrographic microscope, and the rock identification was supplemented by

X-ray diffraction analysis as appropriate. The depositional rates were

derived from
210

Pb measurements as a function of core depth, using the

210
approach described by Koide et az. (1972). The method for Pb analysis

was similar to that described by Nittrouer et aZ. (1979). Coarse frac-

tions (> 62 Urn) and microfossils of various sections of two of the vibro-

core samples (V-48 and V-49) were studied under a binocular microscope.

Representative microfossil specimens were submitted to Dr. D. M. Hopkins

of the U.S. Geological Survey (Menlo Park) for identification by the

survey personnel.

In attempting to understand the processes of sediment entrainment in

sea ice of lagoons and sounds, four samples of ice cores were taken from

the Stefansson Sound, and 6- to 7-cm long continuous sections of the ice



TABLE 1

AVERAGE CONCENTRATIONS (pg/g, except for Fe which iS in 104 ~g/g)
OF SOME HEAVY METALS IN STANDARD U.S. GEOLOGICAL SURVEY ROCKS:

AGV-1, BCR-1, & G-2.

U.S.G.S.  Standard
Sample v Cr Mn Fe co Ni Cu Zn

AGV-1

This Study -1

This Study -2 127

Reported Literature Values

Flanagan, 1969 121

Flanagan, 1973 125

w
Range (Flanagan, 1969) 70-171

% BCR-1

This Study -1

This Study -2 500

Reported Literature Values

Flanagan, 1969 384

Flanagan, 1973 399

Range (Flanagan, 1969) 120-700

G-2

This Study 38

Reported Literature Values

Flanagan, 1969 37

Flanagan, 1973 35.4

Range (Flanagan, 1969) 26-60

9.6

12.8

12.9

12.2

8-45

10.7

14.6

16.3

17.6

8-45

10

9.0

7.0

5-29

767

728

763

640-870

1425

1350

1406

1040-1600

258

265

260

180-360

4.67

4.79

4.76

4.73

4.26-5.21

8.98-8.94

9.44

9.37

9.02-9.97

1.58

1.93

1.85

1.53-2.44

15.0

14.6

15.5

14.1

10-30

33.7

35.7

35.5

38

29-60

15

4.9

5.5

2-21

13.0

14.5

17.8

18.5

11-27

5.9

6.4

15.0

15.8

8-30

17

6.4

5.1

2-14

59.2 99

63.7

59.7

52-83

17.5

22.4

18.4

7-33

7.6

10.7

11.7

<2-17

132

120

94-278

88

74.9

85

42-138

112

84

64-304

136



cores were split, thawed and the particle concentrations analyzed. One

red/dark pink granite sample from the Flaxman Island was submitted to

Dr. D. L. Turner of the University of Alaska for dating by the K-Ar

method. Representative portions of two basal peats, one separated at 150 cm

from the top of the vibrocore V-49, and the other from under an 84-cm

overburden of sand and gravel exposed in a section at the seaward beach

of the spit west of Pingok Island , were dated by the C-14 method.

For the estimation of sedimentation rates in Simpson Lagoon seven

short (15 to 33 cm long) core samples were collected from the western and

central lagoon (Fig. 5b). All cores were obtained from more than 2 m

depth to avoid sampling of sediment sequences that might have been dis-

turbed by ice gouging. The westernmost core sample was retrieved by a

Phleger gravity corer and the others by a manually driven unit. Sedimen-

tation rates were derived without be. -fit of correction for the quantity

210pb
of background-supported . Such a correction was not possible because

background-supported
210

Pb concentrations could not be obtained as the

226
cores were quite short and facilities for direct measurement of Ra were

not available with us for every core split. Thus, the rates presented re-

present upper limits of sedimentation.

GRANULOMETRIC COMPOSITION

Continental Shelf Sediments

The broad regional variations in the granulometric  compositions of

the Beaufort Sea substrate are graphically displayed ~n Figures 6 to 12.

Generally, the middle and outer continental shelf areas are carpeted

by poorly-sorted sandy muds (with almost equal proportions of silt and
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clay) . Invariably size distribution curves of these sediments are positive-

skewed to nearly symmetrical and platykurtic. The inner shelf and inland

bays are characterized by silty-sand to sandy-silt substrate with minor clay

and occasional gravel-size particles. No unequivocal lithological gradation

is observed across the Beaufort Sea shelf. There are a few extensive

regions within the middle shelf of the eastern Alaskan Beaufort Sea where

significant amounts of gravel are encountered (Fig. 6). Naidu (1974) and

Naidu and Mowatt (1974) have discussed the various possible modes of origin

of these gravel deposits. The consensus of the above authors and the

majority of geologists working in the Beaufort Sea area would seem to

suggest that the gravels are ice-rafted deposits. However, some differ-

ences in opinion exist as to whether the gravels are contemporaneously

transported by ice or are relict ice-rafted elastics laid down during

Pleistocene higher sea-levels. I believe that for the most part the gravels

on the Beaufort Sea shelf are relict. This conclusion is primarily based

on the observations that the transport presently of gravel by ice-rafting

is insignificant (Naidu, 1974). Furthermore, several of the gravels have

a thick, horizontal rim of Fe-Mn encrustations (Naidu, 1974) implying that

these gravels have been lying undisturbed on the Beaufort Sea floor for

quite a while. These relict deposits have remained exposed on the shelf

surface because they have not been blanketed by contemporary muds and/or

sands. In this context I agree with Carsola’s (1954) contention that the,

eastern shelf of the Alaskan Beaufort Sea is essentially devoid of supply

of mud from the Mackenzie River. Likewise it would also seem that although

large volumes of terrigenous mud are being ice-rafted offshore from the

Alaskan coast, the transport and deposition of this mud is apparently



bypassed in the shelf area of the Alaskan eastern Beaufort Sea.

believed that the western Beaufort is the depositional site for

It is

the

coastal-derived mud. Thus , it would seem that the presence of relatively

higher amounts of gravel in the eastern shelf perhaps does not reflect a

state of unusually higher wave-current regime in that area. Therefore,

engineering construction in this area may not be faced with any special

problems at least as far as hydrodynamic conditions are concerned. How-

ever, the occurrence of the gravels may offer greater resistance and thus

impede drilling operations or pile driving. Nowhere on the shelf outcrops

of rocks were encountered, which means that for foundation concerns special

care must be exercised

The poorly-sorted

sediments are probably

sedimentary units that

in designing shallow engineering structures.

nature of the central and outer continental shelf

a resultant of reworking and mixing of various

is brought about by ice gouging action (Reimnitz

and Barnes, 1974; Reimnitz et a~., 1972, 1973, 1977) and bioturbation.

I am, however, not aware how frequently any area on the Beaufort Sea shelf

is exposed to the bulldozing effect of grounded ice, although some attempts

have been made to estimate this by Barnes and Reimnitz (1979). This later

information would be of

neering structures, for

by ice gouging, and the

potential use in the designing of offshore engi-

the effects of ice keel dragging and undercutting

possible subsequent burial of pipelines, cables,

as well as footings (that may be placed on the sea floor) by the gouged

sediment could be substantial.

No volumetric estimates are available on the gravel deposits of the

Beaufort Sea continental shelf as a potential source for building material.

Considering the extensive deposits more readily available on the adjacent



coastal plain (in paleofluvial channels), I believe that exploitation of

the shelf gravels, at least at present, may not prove very cost effective.

Additionally, although the gravel deposits on the shelf seem to be quite

extensive they occur typically as haphazard patches interspersed between

stiff muddy deposits. Consequently, systematic exploitation of such

deposits may pose a problem. In another context effects of any future

dredging operation associated with gravel mining on the Beaufort Sea eco-

system are unknown, but could very well have deleterious impact on the

ecosystem.

In the continental shelf of the Alaskan Beaufort Sea patchy deposits

of an “over-consolidated”, stiff mud are quite frequently observed either

on the shelf surface or a few centimeters below. These muds have also

been frequently encountered in the nearshore between the Reindeer Islawl

and the Prudhoe Bay. Presumably these deposits are relict and their un-

usual stiff nature has been commonly attributed to progressive dewatering

of the mud resulting from alternate freezing and thawing of the substrate

brought about perhaps by periodic ice loading in the past. However, as

far as I know no empirical data are available to substantiate such a

contention. At any rate it would seem important to note that these stiff

muddy substrates which apparently do not exhibit thixotropic character-

istics may provide a more favorable foundation for offshore engineering

structures. However, in another context these areas may be specially

hazardous. Because of the higher impermeability of the stiff muds, the

surface of permafrost zone may be relatively shallower under these muds.

Recapitulation of the Pleistocene depositional  history of the Beaufort

Sea continental shelf region has been somewhat thwarted, primarily because
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of the absence of some typical” submarine geomorphic clues (e.g. terraces/

benches, paleofluvial channels, etc.) that can be related to episodes of

climatically induced sea-level oscillations. The Pleistocene paleogeography

of the adjacent shelf areas (e.g. Chukchi, east Siberian and Laptev Seas)

are presumably better understood. However, it would seem unreasonable to

extrapolate data from the latter areas to the Beaufort Sea, for the glacial

history of the different shelf areas were probably not the same. I believe

that the reconstruction of the Pleistocene history of the Beaufort Sea

would be quite crucial to the development of any model to predict the

distribution of permafrost in the coastal and upper continental margin

areas of the Beaufort Sea. I am aware of the progress made on studies

along this direction by Dr. D. M. Hopkins (RU 204 and 473), but do feel

that serious data gaps still exist.

One of the justifications for carrying out size analysis of surfi-

cial sediments and preparing lithological  maps was to identify different

benthic substrate habitats for the Beaufort Sea. However, whether such

habitats can actually be delineated or not on basis of sediment granulo-

metric distributions can only be verified in cooperation with the benthic

zoologists (e.g. Dr. A. G. Carey, RU 6). My responsibility was to generate

the necessary grain size statistical parameters for sediment samples that

were jointly collected with the biological samples, and this task has been

fulfilled. I assume that sufficient number of sedimentological and benthic

data sets are available for several of the stations that a meaningful at-

tempt can be made to correlate the two. The outcome of such a comparative

study will be of great potential use to managers who may look for guidelines

applicable to the Beaufort Sea, to predict the changes in benthic communities
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resulting from possible large-scale alteration in substrate sediment

budgets triggered by anthropogenic activities (e.g. causeway, dock, off-

shore island constructions, etc.).

Deltaic Sediments

Grain size statistical parameters for contemporary sediment samples

from several subfacies of the deltaic complex in North Arctic Alaska were

determined.

Results of the granulometric  analysis of the various subenvironments

are summarized in Table II. Evidently the deposits of the lagoon, bay and

open shallow marine environments cannot be differentiated on the basis of

the conventional grain size statistical parameters. However, the coastal

beach, dune and deltaic plain sediments have distinctive lithologies.  It

is contended that with the exception for coastal dune (Table II) gross

textural relationships do not seem to be rigorously definitive with regard

to delineating paleosedimentary subfacies of polar deltas and this endorses

our earlier observations (Naidu and Mowatt, 1975, 1976). The distinctive

granulometric  composition of North Slope coastal beaches is predominantly

attributable to a local unique provenance (e.g. , gravel-enriched Quaternary

Gubik Formation underlying coastal tundra), rather than solely to deposi-

tional processes prevailing in the polar region. Naidu and Mowatt (1975,

1976) have suggested that other criteria, such as the overall three-

dimensional framework of the deltaic sequences and sediment structures may

be more reliable means to reconstruct the paleogeography of the shallow-

marine and coastal areas of the Beaufort Sea. These restrictions must mean

that any attempts to develop models on the basis of the geological history,
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TABLE 11. SUMMARIZED DATA ON THE TEXTURE OF RECENT DELTAIC SEDIMENTS ON, THE NORTH SLOPE,
ARCTIC ALASKA. DESCRIPTIVE GRAIN SIZE PARAMETERS CALCULATED BY FOLKS (1958) METHOD

Mz
Environment Gross Texture (: ($) ‘I SkI k

River Channel Gravelly-sand -3.4
to clayey-sand to

5.6

Tundra Deltaic Structureless peaty  -

Plain (Marsh) organic muck, with”
sparse inorganic
particles, and
occasional frost-
heaved gravela and
eolian  sand

Mainland Gravel-gravelly-
Coastal Beach sand, and sand

Bay Sand, silty-sand
and sandy-silt

Lagoon Sand, sandy-silt,
silty-sand, and
sand-silt-clay

Coastal Dune Medium to fine
sand

Barriers Gravel, gravelly-
sand, and sand

Open Marine Sand-silt-clay to

(Delta front silty-clay
platform?)

-2.8

:3

2.8

~~6

2.2

:2

1.8

- 2 . 5
to

- 8 . 0

2.2

:3

-2.4
to
5.9

-2.8
to
.06

2.9

::8

2.1
to
7 . 0

1 . 8

- 1 . 5

-::0

1 . 2

:1

Very poorly to
poorly sorted

Poorly sorted
(many); moderat-

ely sorted (few)

Very poorly
sorted to
poorly sorted;
few well sorted

Very poorly
sorted; few
well sorted

Well to very
well sorted

Well sorted to
very poorly
sorted

Very poorly
sorted

Positive to
very positive

Continuous
range from
p o s i t i v e  t o

n e g a t i v e

Continuous
range from
positive to
negative

Most positive,
few nearly
symmetrical

Searly
symmetrical

Very positive
to very nega-
tive

Most posi-
tive, few
very positive

Platvkurtic  to
extremely
leptokurtic

Platykurtic
(predominantly) to
leptokurtic

Platykurtic to very
leptodurtic

Highly variable
mesokurric  to
extremely leptokurtic

Mesokurtic

(Not available)

Platykurtic to
extremely
leptokurtic
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to predict the distribution of permafrost in the Beaufort Sea coastal

area, will be faced with difficulties.

Further discussion on the characteristics of the granulometric  compo-

sitions of lagoon sediments of North Arctic Alaska are included in latter

sections of this report.

STRATIGRAPHIC STUDIES ON CORE SAMPLES

In this section are discussed the depositional processes in the marine

facies of the Colville Delta area (Fig. 5) as inferred from examination of

the stratigraphic variations in lithology of short unconsolidated cores

(Figs. 13 and 14). It would seem that in the proximal end of the pro-

delta (?) sediments are deposited under fluctuating hydrodynamic conditions.

This is evident from the presence of alternate bands and laminations of

relatively high and low sand contents as displayed in cores PWB76-18, 19,

20 and 23. It is possible that the highly sandy layers reflect deposition

at intensified wave action during storms. Additionally, it is suggested

that in the area of the shelf from where these cores were retrieved rework-

ing of sediments by bioturbation and/or ice gouging has not prevailed in

recent times. This is inferred from the lack of stratigraphic homogeneity

in the four core samples. However, the core PWB76-1 (Fig. 13), which was

retrieved from the Central Prudhoe Bay (Fig. 12) at 3 m water depth, con-

sists essentially of homogeneous clayey silt with no evidence of sediment

layering on basis of textural and/or structural analysis. This would

obviously mean that sediments of the Prudn~~e Bay have either not been com-

pletely free from reworking by ice gouging, or deposition in the bay has

continued under similar hydrodynamic conditions during recent times.
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210
Pb stratigraphic studies on a sediment core collected from the central

Prudhoe Bay show no definite exponential decrease in
210pb dom the core

9

which seem to substantiate that reworking of sediments perhaps by ice

gouging in the area has been quite intense. This would imply that cau-

tionary steps must be taken to mitigate possible undercutting by ice on

engineering structures and submarine pipe lines that may be emplaced in

‘this and similar shallow marine areas.

The granulometric  analysis on a suite of core samples shows that the

overall volume of gravel are generally low within the surficial  1 to 2 m

sediment sequences from the Beaufort Sea nearshore. On the basis of this

restricted sampling it would seem that the prospect for potential gravel

deposits in the nearshore for economic exploitation is generally not very

high.

BARRIER ISLAND-LAGOON SYSTEM OF THE ALASKAN NORTH ARCTIC COAST

Geomorphic Characteristics

A number of chains of barrier islands border the Beaufort Sea coast

of Alaska (Figs. lb and 2a). In the west a chain designated as the Plover

Islands extends eastward of the barrier spit anchored to Pt. Barrow. Two

chains of barrier islands stretch westward from west of the Sagavanirktok

River and Canning River mouths. There is a third interspersed chain east

of the Canning Delta that continues up to Demarcation Point.

By conventional definition, barrier islands, barrier spits and bay

barriers are offsilore subaerial depositional features of current/wave

action. Therefore, offshore lands such as mud islands, erosional remnants

of relict coastal plains, subaerial reefs, volcanic islands, and sea stacks



sensu stricto are not barrier islands. Following this definition some

offshore islands along the Beaufort Sea coast, such as Pingok, Bertoncini,

Bodfish, Flaxraan,  Tigvariak and perhaps also Cottle are not barrier islands.

Unlike the barrier islands, the latter islands for the most part have much

higher relief, up to 5 m above mean sea level (a.m.s.l.), and are remnants

of ancient coastal plain as suggested by the presence of an active tundra

blanket, a stratigraphy similar to the adjacent coastal plain and continuous

permafrost. Long barrier spits have subsequently extended laterally to

some of these islands. Thus, in this paper unless otherwise stated, dis-

cussions will not be apropos to the tundra-blanketed islands.

The islands are typically low (1 to 3 m above MHW), with lengths

ranging from 100 m to 27 lun and are elongated parallel to the coastline.

The notable exception to the latter pattern is the island chain extending

due west of the Canning River mouth, the alienation of which progressively

deviates farther away from the coast towards the west. Generally the sea-

ward beaches of the Alaskan arctic barriers are straight; it is only follow-

ing an occasional storm that beach cusps and/or ridge-runnel physiography

is observed along the barrier islands. There are, however, a number of

microrelief  features typically associated with the ice-stressed beaches of

the Arctic. For the most part these are elongated sand/gravel ridges

resulting from landward bulldozing of beach deposits by overriding ice or

movement of the deposit from backshore to foreshore by shifting ice at

spring thaw. Furrows resulting from ice gouging are seen across the beaches;

low mounds of gravel piling (’kaimoos’)  are also observed and believed to

have formed from in-place ablation of shorefast ice entrained with gravel

and/or storm-ice foots. These features were more thoroughly characterized

by Rex (1964) and Greene (1970).
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The barrier islands are separated from one another by tidal inlets

(or channels), the depths of which can vary between less than 1 m to about

6 m (e.g., Egg Island inlet). The dimensions of the lagoons — serni-

enclosed bodies of waters encompassed by the barrier islands and the

mainland coast — can vary widely. The widths may extend from a few hundreds

of meters to 4 km, whereas the length may continuously stretch up to 40 km.

The lagoons are typically 1 to 3 m deep. The semi-enclosed body of water

encompassed by the Midway-McClure-Stockton-Maguire  group of islands and the

mainland coast east of the Canning River Delta (Figs. lb and 2a) is rela-

tively wider, more extensive and deeper (about 5.5 m average depth; 10 m

maximum depth) than the typical adjacent lagoons. Additionally, the hydro-

dynamic conditions in this littoral water body are influenced to a greater

extent by the open marine environment. It would, therefore, seem more

appropriate to class such an environment as a sound rather than a lagoon.

Following this reasoning, this water body is presently called Stefansson

Sound. However, such a definition should not construe that Stefansson

Sound has dimensions comparative to some well-known larger sounds elsewhere

(e.g., Pamlico and Long Island Sounds in the U.S. east coast) and its usage

in this paper is purely descriptive. Review of the open literature clearly

demonstrates that there can be marked variability in the dimensions, geo-

morphology, sediment characteristics and the physiochemical and biological

facies between the barrier island-lagoon systems of different regions of

the world. Glaesser (1978) contended that barrier islands are typically

developed along marginal sea and trailing edge (passive or non-subductive)

coasts (Inman and Nordstrom, 1971; Davies, 1973). Hayes (1979), from his

worldwide experience, classified barrier island morphology as a function of



tidal current and

barriers are more

less than 4 m and

wave energy, and concluded that the development of

extensive in coastal areas where the tidal range is

that are wave dominated. Furthermore, Hayes (1976,

1979) noted a distinct morphological difference between barriers from

microtidal (O-2 m tidal range) and mesotidal (2-4 m tidal range) coastal

belts. The generalizations asserted by Glaesser (1978) and Hayes (1979)

can be extended to the North Arctic coast of Alaska only to a limited

extent. The latter coast with a mean tidal range of less than 16 cm do

indeed have extensively developed barrier island-lagoon systems. However,

along the Beaufort Sea coast of the Arctic some significant deviations are

observed from the ideal geomorphic model related to barrier islands of

microtidal areas of the temperate coasts. Presence of a “hot dog” morphol-

ogy, storm-surge washover terraces and fans, as well as large flood-tidal

deltas and a paucity of tidal inlets, are claimed as typical features of

barriers of microtidal provinces (Hayes, 1979). However, presence of these

features is not substantiated in the Beaufort Sea. It is of interest to

note that occurrence of the washover terraces and fans were reported by

Hayes (1979, p. 11) in an adjacent microtidal area of the Alaskan arctic

(e.g., Kotzebue Sound, along the Alaskan Chukchi Sea coast).

Another notable feature of the Beaufort Sea barrier island system is

the lack of any definite pattern of lateral variations in the interbarrier

inlet widths, or degree of downdrift offsets. A close examination of

LANDSAT images and aerial photographs of the Beaufort Sea coast discloses

that in the majority of cases the relatively wider end of the barrier

islands is disposed toward the downdrift of the net littoral currents.

The foregoing observations on the north-Alaskan barriers are in contrast
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to the conclusions on barrier islands of mesotidal coasts (Hayes, 1976,

1979) . Additional peculiarities of the north-arctic barrier islands are

the virtual absence of some of the depositional subfacies such as the sand

dunes at barrier crests, fringing salt marshes (with halophytic  vegetation),

tidal channels and flats on the lagoonward shores, and beach ridges. These

subfacies are commonly well evolved in temperate and tropical barrier is-

lands (Shepard and Moore, 1955; Chapman, 1960; Shepard, 1960; Allen, 1965;

Dickinson et az., 1972; Hayes and Kana, 1976; Hill and Hunter, 1976;

Godfrey et al., 1979; and McCann, 1979), and several of the facies are

reported to be developed as well in the barriers along the microtidal

southern coast of Gulf of St. Lawrence, Canada (McCann, 1979).

The tundra-covered islands are, as mentioned earlier, significantly

different from the barrier islands. The lagoonward beaches of the tundra

islands are generally irregular and the lower foreshores are blanketed by

slushy, peaty deposits. The seaward shore (excluding that of the barrier

spit) may or may not have a clearly defined beach. When a seaward beach is

well developed, as on Pingok and Bodfish Islands, it is quite similar to

the barrier island beach. Alternately, when the seaward beach is virtually

absent (e.g., Flaxman Island) the shoreline is characterized by steep

coastal bluffs.

The foregoing suggests that the barrier islands of North Arctic Alaska

have a number of unique characteristics. Because the barrier island-lagoon

environment in the North Alaskan Arctic is quite extensive~ it was nec=s-

sary to restrict the sedimentologic  and geomorphic studies to a few type

areas. ‘The Jones Island-Simpson Lagoon situated along the central Beaufort

Sea coast of Alaska (Fig. lb) represents a type area off gently sloping
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coastal plain adjacent to an extensive deltaic complex, whereas the Icy

Reef-Beaufort Lagoon in the eastern end of the study area represents a type

area off a relatively steep coastal plain with less widespread deltation.

Stefansson Sound, which is the only representative of the so-called sound

environment along the above coast, is situated between the two type areas

of barrier island-lagoon systems (Fig. lb).

Reasons fop Arctic Bamiep Island Peculiarity

In the preceding section it was contended that the barrier islands

along the Beaufort Sea coast have geomorphic characteristics that do not

conform to the model generally outlined by Hayes (1976; 1979) for barrier

islands of microtidal coasts of the tropical and temperate climatic belts.

The uniqueness of the Beaufort Sea barriers is considered part of a local

phenomenon that cannot be extended to the entire ice-stressed circum-

coastal regime of the Arctic. It is suggested that the very unusual char-

acteristics of the Beaufort Sea barriers are most likely related to the

prevalence in the area of low annual current/wave energy. The Beaufort

Sea coast is subjected to a mean astronomical tidal range of less than

16 cm, and the tidal current velocities in the tidal inlets are also sug-

-1gested to be generally low (less than 6 to 7 cm sec ). The absence of

flood tidal deltas may be ascribed to the net seaward flow of bottom cur-

rents (of tidal and fluvial outflow origin), and by implication an over-

all sediment transport from the lagoon to the open sea. Because of the

unusually low tidal range it is contended that development of extensive

tidal flats and salt marshes is particularly hampered on the lagoonward

shores of the north Alaskan barriers. There is, as yet, no comprehensive
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s t a t i s t i c a l  d a t a  b a s e  a v a i l a b l e  o n  t h e  w a v e  c l i m a t e  for the Beaufort Sea

coast. Preliminary data gathered by Wiseman et a2. (1973) and Dygas and

Burrell (1976) suggested that the wave field in ice-free seasons is domi-

nated generally by wind-waves with 1.9 to 3.O-second period, that are

punctuated by occasional swells with 8.0 to 10.O-second  period and heights

of 1.5 to 2.0 m impinging on the Beaufort Sea coast. However, storm-

surges with heights ranging from 1.5 to 3.0 m a.m.s.l.  are known to occur

at about 25 to 50 years intervals (Reimnitz and

primary reasons for the prevalence generally of

less frequent storm-surge annually in the north

attributed to the extended period of ice cover.

in a year the Beaufort Sea is blanketed totally

Maurer, 1978). One of the

the low wave energy, and

Alaskan Arctic, is to be

For eight to nine months

by ice, while during the

summer three months open water may extend only within the 10-15 km inshore.

The total fetch for wave generation is thus effectively much reduced in the

Beaufort Sea in comparison to the ice-free tropical-temperate microtidal

coasts. Therefore, except during periods of rare storms when the barrier

islands can be completely inundated by sea (Reimnitz and Maurer, 1978),

the potential development of the washover terraces and fans is generally

inhibited in the North Arctic barriers.

In another context the lack of washover features can perhaps also be

accounted for in the presence of numerous tidal inlets between the Beaufort

Sea barriers. The inlets, by serving as suitable channels to transfer por-

tions of the storm-surges into the lagoons, would concurrently minimize the

possibility of surges passing over barriers. We also suspect that the pro-

longed ice-stress conditions in some, as yet, unknown way deviates the

barrier morphology from the ideal ‘hot dog’ type, and better understanding

of the role of ice will be a part of our future study.



Thus, it is quite evident that the model of barrier islandformation,

as stipulated by Hayes (1976, 1979), did not adequately take into account

the possibility that there can be a marked variation in the model because

of the role of ice in microtidal coasts such as those of North Arctic

Alaska. The close resemblance of the West Arctic Alaskan barriers to the

‘hot dog’ prototype, and the association of washover terraces and fans

with them (e.g. barriers of Kotzebue Sound) are considered by us as atypical

features of the barriers of intensely ice-stressed microtidal coasts. The

above ‘abnormality’ is attributable perhaps to relatively much intense

storm-surge and wind-wave actions in that particular arctic area. In com-

parison to the Beaufort Sea, the Alaskan Chukchi Sea is known to have a

much wider ice-free marginal zone in summer (Wiseman et az. , 1973) plus a

significantly shorter duration of ice cover annually.

The absence of sand dunes on the Beaufort Sea barrier islands is an

additional peculiarity in contrast to barrier islands of temperate-tropical

coasts. Some of the prerequisites for the development of sand dunes on

barrier islands are the presence of (1) and adequate source of sand on the

seaward beach, (2) net onshore winds with thresholds adequate to transfer

the beach sand to the dune site at the backshore, (3) vegetation andior

some other barriers to promote the accumulation of the onshore transported

sand, and, (4) sufficient exposure of the beach sands, in a dry state, for

onshore winds to pick them up. The availability of the beach sand, in

turn, is effected by a number of more primary hydrodynamic and geomorphic

factors that control the overall sediment budget at the beaches (e.g. the

competency, capacity and rate of alongshore sediment drift, barrier config-

uration with respect to the wind-wave fronts, the volume of sediment
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exported periodically from the beaches and across the barriers by storm-

surge washovers,  etc.). We contend that the chief reasons for the virtual

absence of sand dunes on the North Arctic barriers are the lack of vegeta-

tion and prolonged exposure of the beach sands to wind transport, notwith-

standing that there is adequate volume of beach sand as a source and a

net strong onshore wind. It is conceivable that because of the prolonged

annual ice cover the total onshore transport of sand by wind is consider-

ably reduced in comparison with ice-free barrier regions. McCann (1979,

p. 49) referring to Owens (1974, 1975) maintained that barrier elevations

and extent of dunes on barriers are closely associated with longshore

sediment transport rates. Although along the Beaufort Sea barriers some

short-term littoral transport rates were estimated (Wiseman et az. , 1973;

Burrell et az., 1975), these data are grossly inadequate to take into

serious consideration in context of Owens’ contentions.

Granulometric Compositions of Lagoon Substrates

The areal variations in the granulometric characteristics of the

Simpson Lagoon substrate are displayed in Figure 15 whereas those of the

Beaufort Lagoon (Fig. 4) were reported by Naidu (1980, 1981).

Following the classification scheme of Folk (1954), it is surmised

that Simpson Lagoon sediments are very poorly sorted, slightly gravelly,

muddy sands to slightly gravelly, sandy muds with the mean size generally

in the silt category. In addition, the sediments display very positive-

to positive-skewed (fine-skewed) and platykurtic to leptokurtic size dis-

tributions. Some broad areal variations in the gross texture were iden-

tified within Simpson Lagoon (Tucker, 1973; Naidu, 1981). From trend
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surface analysis, Tucker (1973)

the mean size of sediments from

concluded that there is a net decrease

the nearshore shallower portion to the

in

deeper central lagoon. Substantiating this trend is the areal variation

in the sand and mud contents (Fig. 15) . No definite regional patterns,

however, were noted in the sorting and skewness values of size distribu-

tions. For the most part, Beaufort Lagoon sediments

similar to those of Simpson Lagoon; the only notable

virtual absence of gravel-size particles in Beaufort

have textures quite

difference is in the

Lagoon. The Stefansson

Sound substrate varies widely between muddy sands and sandy muds with

occasional minor amounts of gravel and clean sands. Generally, the sedi-

ments are very poorly sorted, and strongly fine-skewed with the mean size

between fine sand to fine silt. The above generalization on the Stefansson

Sound substrates, which is based on analysis of grab samples, does not

convey the actual situation, for the sound is widely strewn with boulders

up to 1 m wide (K. Dunton, personal communication). In places, the course

debris is sufficiently concentrated to form discrete boulder patches. All

deposits of the barrier islands as well as those of the seaward beaches of

the tundra islands are poorly to very poorly sorted, and consist either of

gravelly sands, sandy gravels or clean gravels; the gravels are generally

in the pebble size category. The mainland coastal beach sediments have

similar si!ze distributions. More precise size analysis data show that

these sediments are either gravels, gravelly sands or sands that have poor

to very poorly sorted, coarse- to fine-skewed and platykurtic size distri-

butions. Exposures of boulders are restricted to beaches and onshore areas

of the tundra islands and mainland coast, in addition to Stefansson Sound

in the area of study.



Longitudinal sections of the four vibrocores from central Simpson

Lagoon are displayed in Figure 16, and stratigraphic variations of the

textures of two of the vibrocores are further shown in Tables III and IV.

The lithology and structure between the four cores vary widely. In core

V-49 the basal section (140-150 cm) is constituted mostly of finely

divided and fluffy peat intermixed with fine sand, silt and occasional

fossil residues of the freshwater gastropod Valvata and the pelecypod

Psidium. Overlying this section is a 65-cm sequence of cross-bedded;

silty fine sand with a few pelecypod shells of Cyrtodaria kuriana and

Serr@es groenZandieus (at 120-130 cm core section). This bed, in turn,

is overlain by a 75-cm sequence of clayey to sandy silt displaying typical

mottled structure in the base and laminated deposits the rest of the core.

Core v-48 which shows more dramatic stratigraphic changes in lithology

(Fig. 16) apparently is devoid of any freshwater sediment sequence. The

lower 55 cm is a section with typical mottled structure with a number of

the ostracod lleteroeyprideis sorbyana Jones, 1886. There is a 20-cm lami-

nated silty sand sequence intercalated between two layers (60 to 90 cm and

110 to 115 cm) constituted chiefly of gravels and pelecypod fragments. The

top 60 cm of this core is a homogeneous silty sand. Stratigraphic analysis

on cores V-47 and V-50 have not been completed. Presence of a laminated

layer, however, is obvious in the top 50 cm of core V-50, whereas the rest

of *his core and the entire core V-47 are apparently structureless and

consist of homo,qenous  clay-silt-sand. Examination of the vibrocore samples

suggests that any designing of piling or foo~ing driven into lagoon sub-

strate must provide allowance for possible soft, peaty, muddy substrate.
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Figure 16. Vertical sections of vibrocore samples from Simpson Lagoon showing
variations in sediment structure.
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TABLE III

Stratigraphic  Variations in the Sediment Texture in
the Vibrocore  Sample V-48 from Simpson Lagoon

Core
Section Gravel Sand Silt Clay

(cm) % % % % Md Mz 61 Sk
I ‘G

o- 10

10- 20

20- 30

30- 50

40- 50

50- 60

60- 64

64- 70

70- 75

75- 95

95-1oo

110-120

120-130

130-140

140-150

150-160

160-165

21.20

13.60

26.55

1.42 28.80

3.74 33.25

2.55 69.38

0.39 67.95

0.08 75.81

3.21 65.16

100 -

100

0.31 75.64

0.75 72.14

0.71 71.48

0.18 64.36

67.09

56.13

68.28

77.24

68.02

65.96

59.40

25.58

27.83

21.48

29.36

23.50

24.75

25.18

33.11

30.71

40.12

12.52

9.16

5.42

3.83

3.61

2.49

3.83

2.62

2.26

0.55

.2.36

2.62

2.35

2.20

3.75

5.21

5.03

4.76

4.41

4.30

2.06

2.75

2.66

2.97

3.40

3.23

3.15

3.53

3.36

3.79

5.45

5.42

4.91

4.68

4.31

2.35

3.69

3.17

3.10

3.29

3.18

3.20

3.45

3.36

4.03

2.16

1.73

1.94

1.92

2.15

1.94

2.08

1.72

1.84

1.25

1.43

1.48

1.40

1.45

1.79

0.19

0.33

0.09

0.15

0.03

0.65

0.61

0.55

0.11

0.06

0.13

0.24

0.13

0.19

0.23

1.20

1.38

1.18

1.09

0.92

0.95

1.09

1.31

1.42

1.55

1.41

1.37

1.44

1.33

1.39



TABLE IV

Stratigraphic Variations in the Sediment Texture in
the Vibrocore Sample V-49 from Simpson Lagoon

Core
Section Gravel Sand Silt Clay

(cm) z % % % Md Mz 61 SkI KG

o- 10

10- 20

20- 30

30- 40

40- 50

50- 60

60- 70

70- 80

80- 90

90-100

100-110

110-120

120-130

130-150

15.35 78.55

0.14 9.05 81.31

5.52 86.79

0.09 25.73 61.03

48.91 46.38

0.73 64.26 31.39

30.45 63.11

0.54 73.72 23.21

0.67 99.33 -

0.09 99.91 -

0.12 99.88 -

100.00 -

0.46 92.02 5.98

1.70 51.25 26.13

6.10

9.50

7.69

13.15

4.71

3.63

6.45

2.54

1.53

20.92

4.72 5.16 1.46 0.47

5.21 5.54 1.74 0.40

5.91 5.90 1.38 0.13

5.29 5.38 2.24 -0.02

4.11 3.98 2.07 0.03

2.78 3.73 2.12 0.58

4.94 4.77 2.16 -0.02

2.38 3.02 1.82 0.54

1.87 1.85 0.49 -0.06

2.10 2.15 0.47 -0.15

2.39 2.39 0.39 -0.01

2.11 2.05 0.71 -0.17

2.19 2.12 1.00 0.02

3.69 4.18 2.63 0.21

1.08

1.38

1.40

2.56

0.92

1.03

1.03

1.08

1.10

1.21

0.92

0.91

1.46

1.22



Evolution of the Barrier Islands and the Associated Lagoons

Our studies relating to the evolution of the barrier islands along the

Alaskan Beaufort Sea coast are not complete as yet. At this point in time

we have rudimentary knowledge of the direction of alongshore net mass sand

transport, which is based largely on the morphology of the barrier spits

and long-term migration patterns of barrier islands. Studies were recently

extended on the.stratigraphy of vibrocore  samples. Without adequate know-

ledge of the paleogeographic history of the inshore area, wave refraction

patterns, sources and transport pathways of sand-sized particles, and

submarine bottom profiles off the islands, it would be difficult for us to

elucidate the barrier island evolution.

Field observations would seem to suggest that the Pingok, Bertoncini,

Bodfish,  Flaanan and other tundra blanketed islands are Pleistocene relict

coastal highlands. In contrast to the above, islands with sand and/or

gravel substrates, which are more abundant along the Beaufort Sea coast,

are most likely resultants of contemporary marine constructive processes.

By conventional definition* they are to be considered modem, notwithstand-

ing that the gravel and sand constituting them may have been reworked from

older residual deposit (e.g. deposit left from erosion of ancient tundra

islands and/or coastal bluffs). The presence of several bars, hundreds of

meters long and elongated roughly parallel to the Beaufort Sea coast, sug-

gests that at least some of the barriers might have grown subaerially from

bars as a result of progressive sediment accretion via alongshore drift.

Incidentally, Wiseman et az. (1973) have reported the formation of several

*For conventional definitions of relict, contemporary (or modern and
palimpsest deposits, refer to Swift etcz2. (1971).
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bars in the Beaufort Sea inshore as a result of standing wave action.

Although evolution of the barriers can be addressed from several stand

points (refer to Schwartz, 1973 for a review), our approach has been

restricted to gathering geological evidences.

At the beginning of the investigations it was felt that the interpre-

tation of the stratigraphic changes in both lithology and structure of the

Simpson Lagoon cores (Fig. 16) would be a straight-forward simple effort,

and that the recapitulation of the Holocene paleogeography of the North Slope

coastal area and thus the origin of the barrier islands would not be too

difficult to follow. However, it would seem that the recent paleogeographic

history of the Simpson Lagoon area has been quite complex. This is indicated

by the stratigraphic dissimilarities observed between the four cores that were

collected from not-too-widely-apart locations within the lagoon. In spite of

this fact,

and coarse

Lagoon due

identification of the progressive changes in lithology, structure

fractions of sediments in two core samples retrieved from Simpson

southeast and south of Pingok Island (cores v-48 and V-49 in Fig.

5a), and coastal retreat measurements (Naidu et aL., 1982), have provided

with sufficient data that can be used to recapitulate the paleogeographic

scenario pertaining to the lagoon evolution.

us

Basal sections of core V-49 suggest that the Simpson Lagoon region due

west and south of the tundra islands was dominated in the recent geologic

past by low-lying tundra coastal plain with a number of freshwater coastal

lakes and/or ponds very similar to that of the present time. These lakes

suppor~ed the freshwater gastropod Valvata and the pelecypod Psidium, and

provided a

vegetation

as a basal

relatively quiescent environment for growth of freshwater marsh

and/or accumulation of terrigenous plant debris, now represented

peat. As suggested by the carbon-14 date of the basal peat sample



(separated at approximately 150 cm from the top of core V-49), the afore

mentioned coastal plain with lakes dominated the above area around 4500

years B.P. Some time thereafter, it is believed that the lakes were occa-

sionally breached and came to be in tidal communication

through tidal channels and/or heightened wave surge, as

with the sea either

implied by a modest

presence of faunal residues such as C’yrtoda~ia kmriana, Serripes groenhndicus

and species of estuarine and/or marine

intercalated with seeds of a number of

foraminifera and ostracods (Table V)

freshwater plants (e.g., ha, Hippuris

vulgaris L., and Potamogeton over the basal peat

the V–49 core top, Fig. 16). The breached lakes

anti eventually were inundated by sea water (most

layer (at 120-130 cm below

then progressively coalesced

likely coincident with sub-

sidence of the lake beds resulting from subsurface permafrost thawing, and

synchronous with the progressive deglacial rise in sea level).

Pingok Island and the adjacent tundra-blanketed islands delineated

the inundated lakes from the open sea to form the present Simpson Lagoon.

Obviously the upper 70 cm of muddy sediments in core V-49 are contemporary

lagoonal deposits, whereas the sandy cross-bedded sequences between 70 cm

and 145 cm in core V-49 most probably represent beach facies of the

ancient shallow lagoon.

It is

lacustrine

uncertain how much time elapsed between the formation of the

peat and marine inundation at the site of core V–49. Based

-1
solely on mean coastal retreat of 1.1 m yr , about 2500 years are required

to inundate Simpson Lagoon to this point according to the model of coastal

bluff retreat (Naidu et az., 1982). This implies a hiatus of 2000 years.

Alternately, coastal retreat then

mean rate, and Simpson Lagoon may

V-49 shortly after 4500 y.B.P.

may have been slower than the present

have been inundated to the site of core
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TABLE V

Species of Foraminifera and Ostracods in Some Sections of
Vibrocore Samples of Simpson Lagoon, and in recent

Sediments of Beaufort Lagoon

CORE v-48

120-130 cm; Foraminifera: Elphidium exeavatam alba
Elphidiwn  ineer-hun

E_Lphidium  Orbiculaw
BucceZla frigida
PoZymorphina suboblongata

130-140 cm; Ostracod: AWaocyprid’eis sorbyana

CORE v-49

120-130 cm; Ostracods: Rabilimis septentrionalis
Pa.racyprideis pseudopunetillata
Eucytheridea bradii
Cytherettia  edwardsi
Candona rectangulata
Illyocypris bradii

Foraminifera: Elphidiwn excavatum  alba

Beaufort Lagoon (Recent Sediments)

Foraminifera: E@hidiwn exeavatum  alba
BueceZ2a frigida
Polymorphina suboblongata
Elphidim nanwn

Ostracod: l%racyprideis pseudopunctillata
Cytheromorpha  maechesneyi



The evolutionary history of eastern Simpson Lagoon has been complex

and, perhaps, this is true for all lagoon areas of north-arctic Alaska

that are now encompassed by barrier islands. It is probable that core

V-48 did not extend sufficiently deep to encounter coastal plain deposits.
.

A lack of any well-defined freshwater deposits, and the presence of well-

preserved foraminifera and ostracod tests throughout core V-48 imply that

eastern Simpson Lagoon was probably in tidal communication roughly at the

time when the western lagoon was part of a coastal plain. This inter-

pretation is consistent with the coastal bluff retreat model discussed

by Naidu et al., 1982. -1Again, based on mean coastal retreat of 1.1 m yr ,

only about 1500 years are required to inundate Simpson Lagoon to the site

of core V-48. Regardless of when inundation occurred, it is possible that

inundation of site V–48 preceded inundation of site V–49 by approximately

1000 years. The mottled structure as displayed in the lower 50 to 55 cm

layer of gravelly silty sand of the core is suggestive of intense bioturba-

tion of substrate some time in the past. The occurrence, however, of a

well-defined, thin gravel layer between 75 cm and 95 cm of V-48 and sand–

wiched between gravelly silty sands connotes that the depositional process

in the eastern lagoon was briefly punctuated by the formation of a transient

gravel bar, barrier island or barrier spit.

Stability and Growth Rate of the Pingok Island Barrier Spit

It is now reasonably well documented that almost all barrier islands

along the Alaskan Beaufort Sea coast have undergone some degree of temporal

geomorphic changes, irrespective of the nature of the islands whether they

are tundra blanketed or not. The changes in the configuration of some of



the islands over a few decades (from 1906 to 1974) have been assessed by

Wiseman et az. (1973), Barnes et az. (1977), Lewellen (see Hopkins et az.,

1977 and Naidu et az., 1982). The relatively short-term changes within

one summer season for the Pingok–Leavitt island have been documented by

Wisemanet aZ. (1973) and Dygas etaz. (1972). Areviewof the above litera-

ture shows that the lateral growth rates of the barrier spits of the various

islands are significantly different, and within any one summer great fluc-

tuations in the above rate can be noted. However, there is a general con-

sensus among most geologists working in the Beaufort Sea coast that the net

alongshore  drift of sediments along that coast is toward the west.

One of the many research objectives, embodied in RU 529, was to look

for evidences that might assist in assessing the long-term net alongshore

sediment transport direction, as well as to estimate the long-term growth

rate of barrier spits along the Alaskan Beaufort Sea coast. In attempting

to fulfill the latter objective, field surveys on Pingok Island were con-

duc ted. During the course of this survey a peat formation was encountered

on the seaward beach at the proximal end of the sand-gravel barrier spit

extending to the west of the Pingok Island (e.g., the Leavitt Island).

Evidently the peat deposit was not a remnant of an old collapsed coastal

bluff, because it was quite an extensive contiguous formation. At the high-

water mark where a vertical section of the north shore of the spit was

exposed, the peat was observed to lie under an overburden of 84 cm of sand

and gravel. Apparently the same peat layer extended continuously under

the barrier spit, as suggested by the detection of another peat deposit

under 79 cm of sand-gravel over–burden in a trench in the center of the

barrier spit. It was assumed that a radiocarbon date on a sample of the



upper layer of the peat would indicate the geologic age when the sandy-gravel

barrier spit most likely started to grow westward from the Pingok Island*.

The

the

the

the

peat sample thus dated provided an age of 2600 years B.P., implying that

barrier spit was geologically quite a young formation. Additionally, on

basis of this date and the approximate 5.5 km length of the spit (included

Leavitt Island) as recorded in 1977 it would seem that the average long-

term linear growth rate of the spit on a steady state basis was around 2 m/

year. Further, assuming that the average thickness and width of the spit (as

estimated in 1977) was 1 m and 140 m respectively, it would seem that the

long-term accretion rate of the spit volume was in the order of approximately

280 m3/year.

It is interesting to compare the

Island spit that we have estimated on

earlier by Wiseman et at. (1973) on a

growth rates for the western Pingok

long-term basis and those reported

seasonal basis. The latter estimated

the spit growth rate in summer 1972 based on evidences gathered in the field,

as well as taking into consideration data from Dygas et az. (1972).

The linear growth rate of the Pingok barrier spit, as cited by Wiseman

et az. (1973) was 6 m/year while the rate for volumetric increase was about

7.1 x 103/summer. These accretion rates of the barrier spit in question

are considerably higher than our figures. It would be of interest to check

what portions of the total length and volume of the spit accretion in summer

could be ascribed to catastrophic storm action and what portions to normal

currentlwave action. It would also be of importance to estimate the decrease

*This contention assumes that the upper portion of the peat and the sand-
gravel unit lying over it are more or less a continuous sequence of sedi–
ments and that there was no great depositional time gap between the
sedimentary units.



in the spit areal size consequent to ice bulldozing during the ice stress

season. As observed by us as well as several others, occasional storm

surges can bring about large-scale degradation (e.g., in the order of 10-15 m)

along

beach

storm

some beach stretches, with almost concomitant progradation at other

sites along the Beaufort Sea barriers. The sum total resultant of the

and ice-ploughed  actions on the sediment “budget” of the spit is unknown,

but is conceivable that the two counteracting processes will eventually amount

to net spit growth rates which are relatively much lower than the estimates

that were provided by Wiseman et az. (1973) on a seasonal basis. It is,

therefore, no wonder that Wiseman et az. (1973) have observed only a modest

change in the spit length west of Pingolc (tundra) Island between 1908 and

1972 (e.g., 64 years).

long-term data must be

Presently it would seem imperative that additional

gathered before more precise estimates can be provided

of the barrier spit growth rate on the Pingok Island.

In conclusion, barrier islands of the North Arctic coast of Alaska

are a dynamic component of the geomorphology  of the above coast. Migration

and growth rates of these islands vary widely (perhaps between 1 to 30 m)

and their lateral growth on a long-term basis is determined by sand nourish-

ment via the net westward

of the littoral drift are

complementary information

littoral drift. No reliable, quantitative estimate

available presently. Without the latter data and

on the wave energy flux as well as wave diffrac-

tion patterns, it would be difficult to predict what may be the possible

impacts on the physical integrity of the barrier island-lagoon–inlet com-

posite, consequent to building of causeways, offshore islands and docks,

and dredging. It is quite conceivable that the overall sediment

the Beaufort Sea littoral zone may be so significantly perturbed

budget in

as a
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result of the above anthropogenic  activities that large-scale erosion of

some barriers followed by unusually high deposition of the eroded sediments

at inlets or other barriers may finally alter the circulation pattern in

the adjacent lagoons and nearshore. This could ultimately lead to dele-

terious effect on the ecosystems of the adjacent lagoon and the nearshore.

At present there is a serious data gap pertaining to littoral transport

estimates. Perhaps these estimates must be obtained on a site specific

basis or for various stretches of the Beaufort Sea coast, because the rate

of migration and growth of the various barrier islands vary widely and thus

data from one coastal area to another can not simply be extrapolated.

In another context, the highly migratory nature of the barriers and

adjacent bars implies that any pipelines, cables and footings emplaced on

the sea bottom surface of the inshore areas may be buried.

STRUCTURE AND ORIGIN OF TURBID PLUMES IN COASTAL AREAS IN LATE SUMMER

Satellite images clearly display that movement of turbid plumes

along the nearshore lagoons and bays of North Alaskan Arctic was either

in the form of long continuous plumes or disconnected irregular streaks

and wedges. With the exception of the Tigvarik Island area where an

eastward moving turbid gyre was apparent, along the rest of the Alaskan

Beaufort Sea coast the nearshore turbid plume was invariably seen to move

westward. The latter water movement was impelled by the prevailing west-

ward littoral currents. However, it would seem that the tongues of turbid

plumes in the lagoons and bays in mid and late summer (i.e., lace July-

September) could not, to any large extent, be ascribed to fluvial discharge

and/or thermoerosion  of coastal bluffs and barriers. No such direct
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association was apparent from detailed scrutiny of several multi-year

satellite images, although invariably extensive turbid plumes do occur in

the vicinity of large river mouths. It is important to note that waters

relatively free from suspensions (about 1 mg/1) are discharged in late summer

from mouths of the major distributary channels, while presence of relatively

turbid waters can be delineated at some distance off the mouths. Addition-

ally, the satellite images displayed that the parcels of lagoon waters extend-

ing up to a few meters away from the coastal bluffs and barrier islands were

observed to be relatively less turbid than the rest of the lagoon. A notable

example was the Dease Inlet region. All of these observations led us to sus-

pect that in mid and late summer when the fluvial outflow was low, much of

the turbidity in coastal waters could be associated to resuspension of the

cohesionless  substrate particles from shallow-water regions by wave induced

agitation. Since the region slightly off the river mouths are generally

more shallow and are constituted of unconsolidated clays it was not surprising

that relatively high turbid waters are associated with such areas. Subsequent

to resuspension the particles are carried westward in the form of a turbid

plume.

No estimates are available on the concentrations of sediment particles

that are resuspended off the river mouths by waves in late summer. I have

documented for 1981 summer the concentrations of suspended particles on

water samples that were collected from certain known geographic locations

of the Beaufort Sea nearshore and which coincided with the LANDSAT satel-

lite passages overhead in that region. These ground tru:-h data on suspen-

sates were forwarded to Dr. W. J. Stringer of the Geophysical Institute,

University of Alaska (Fairbanks). Dr. Stringer will be generating density-sliced
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LANDSAT images synchronizing for those days and time when our water samples

were collected. Hopefully, correlating the image densities with the ground

truths on suspensate concentrations reliable criteria would be developed to

provide with a means to infer

mouths.

It is contended that the

the concentrations of particles off

quantification of the concentration

the river

of par-

ticles resuspended naturally by wave-induced turbulence may have important

bearing in attempting to predict the possible ecological impacts of in-

creased turbidity resulting from anthropogenic activities such as dredging

and occasional

particles that

spoils? If no

discharge of drilling spoils. Will the concentrations of

are naturally resuspended be similar to those in the discharged

significant difference can be identified between the two then

the above-mentioned anthropogenic activities may not pose a serious environ–

mental hazard in the Beaufort Sea. Alternately, if substantial differences

in the suspended loads are shown then environmental managers will be compelled

to regulate the rate and volume of discharge of dredge and drilling spoils to

closely match natural situations of water turbidity.

Our investigations has led us to believe that any initial deposition

of fine-grained dredge or drilling spoils (and perhaps also any inorganic

or organic pollutant scavenged by naturally depositing mud) will be periodi-

cally resuspended from the inshore areas of the Beaufort Sea, during the

open–water season by wave-induced turbulence. Because such resuspended par-

ticles will be quickly redispersed and laterally diffused by the littoral

currents the initial deposition of any pollutants may not pose a permanent

hazard to benthic communities of the inshore areas. This seems to be sub-

stantiated by the field and complementary laboratory studies conducted by
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Northern Technical Services, Anchorage (1981) on drilling effluents in

the Reindeer Island site of the Beaufort Sea. However, any large–scale

resuspension of pollutant charged substrate at the freeze–up period may

get entrained and concentrated in the sea-ice, with possible deleterons

effect on the frazil organisms in the sea-ice.

SEDIMENT DYNAMICS STUDY

Tripod Experiments

It was only recently that serious process-response sedimentological

investigations were ”initiated for the Beaufort Sea nearshore. Results of

preliminary sediment dynamic studies were reported by Naidu (see 1979 to 1981

Annual Reports Submitted to OCSEA.P). Our progress was limited by quite fre-

quent losses of instruments which were not specifically designed for work

under ice-stressed conditions. The instrumented package on a tripod – the

Sediment Dynamics Sphere (SDS) –which was used by us was originally designed

by the University of Washington (Lahore et az. , 1977), to obtain time-series

hydrodynamic parameters in context with sediment dynamic studies, in ice-free

continental shelf area. This instrument was subsequently redesigned by us

to operate satisfactorily in the arctic; the fabrication of the latter pro-

totype model was completed and is ready to be deployed. We believe, therefore,

that we have now the right type of instruments to pursue sediment dynamic

studies in the Alaskan Arctic. Limited investigations would seem to suggest

that the processes of sediment entrainment, transport and deposition in summer

1979 in the Simpson Lagoon were not the s.~.me as those which prevailed in

summer 1978. Plotting of the summer 1978 time-series data exhibited apparent

correlations between wind strengths and suspensate concentrations at the
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Milne Pt. tripod station. On the basis of those correlations, Naidu (1979)

suggested that the threshold of wind to induce wave-current sediment resuspen-

sion in Simpson Lagoon at the tripod station was about 8 m/see. That conclusion

does not seem to be well substantiated by the summer 1979 data which indicate

quite suspension-free waters at 10.5 to 13 m/see winds at the tripod station

(about 2.9 m water depth) in the Simpson Lagoon. It is to be noted that in

1979 the spring break-up was unusually earlier, and in middle and late

summer (August-September) abnormally high sediment-laden fluvial discharge

was observed. Implication of these unusual events, if any, on summer 1979

suspended load budgets could not be assessed because of lack of LANDSAT

images for the period.

Conceptual Model for Sediment Concentration in Frazil Sea-ice
of North Arctic Alaska

The presence of sediments in frazil sea-ice, in concentrations 2 to

3 orders of magnitude higher than in ambient coastal waters, has been an

enigma to investigators working on sea-ice problems in the nearshore of

Beaufort Sea. The question that has been time and again raised refers to

the mechanism which leads to the entrapment of sediments in ususual con–

centrations  in the ice. Many ideas were presented (refer to Schell, 1980

for detailed discussion on the subject), but none seem to have offered a

satisfactory answer. A commonly held notion has been that occurrence of

storms during the incipient freeze-up period is critical to entrain large

q~antities of sediments into the water column, and that the subsequent fixa-

tion of the suspended particles on ice could account for the unusual parti-

cle concentration in the sea-ice (Barnes et al. , 1982). However, the exact

mechanism for such fixation was not defined by the above authors. The other
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ideas prescribed took into consideration adfreezing  of suspended charged

waters, which would seem untenable in most cases. It is hard to believe

that in the Beaufort Sea nearshore intensified wave action during occasional

storms is capable of suspending fine sediments in concentrations as much as

200 to 750 mg/J3 – the levels generally observed in sea-ice*. Alternate

concepts for the unusual sediment accumulation in sea-ice refer to possible

anchor ice sediment entrainment, or to occasional ‘ducking’ and sediment

scraping by highly fragmented frazil ice by storm surge wave action. The

lack of any textural correlation between sediments of substrate and overlying

sea-ice for any specific inshore region, does not seem to add much credence to

the thesis of sea-ice scraping bottom sediments. Additionally, the occasional

scrapping process would Eend to be manifested in sediments occurring as streaks,

blebs, and bands in an otherwise clean sea-ice, which are definitely not observed.

In the following is presented a hypothesis that might explain the

processes leading to the unusual sediment concentrations in sea-ice.

During freeze-up period** when continuous fluxes of suspended particles,

borne in laterally moving currents of water impinge on highly porous, un-

dulating slushy*** sea-ice the particles are assumed to retain by the mesh

of slushy ice crystals. It is further contended that as the sea-ice grows,

fresh surfaces are successively exposed for continuous retention of suspended

sediment particles. Moreover, occurrence of storms during freeze-up time

would seem to be a critical factor for the sediment accumulation at the vicinity

~The extremely turbid water debauching from the North Slope rivers generally
has between 70-100 mg/L of suspended-particles, and this fluvial plume
stands out in LANDSAT images. None of the LANDSAT images during freeze-up
time (or storms) show such turbid waters offshore.

**After the formation of pan-cake ice.

~~~tSlushy and rough nature of sea-ice seems critical for particle adherence.



of sea-ice/water interface, because higher water turbulence will maintain

the slushy nature of the accreting sea-ice surface in addition to providing

larger fluxes of suspended particles for potential accumulation at the

surface. For particles to accumulate at concentration levels equivalent to

those generally observed in the ice (i.e., 200 to 750 mg/!L) it would be

crucial that the concentrations, supply and accumulation rates of particles

at the sea-ice/water interface are sustained at a certain optimum level and

are commensurate with the sea-ice growth rate. It would seem that in the

Beaufort Sea nearshore the critical particle supply and accumulation rates

are adequately carried , as suggested by the followup computations. Assum-

ing that during freeze up period the mean suspensate concentration in the

nearshore waters is about 1 mg/Jl, mean current strength is at 10 cm/see,

and the slush-ice accretion rate is about 1 cm/day, it is estimated that

the maximum possible sediment accumulation on sea-ice will amount to about

850 mg/J?.. However, it is most likely that the suggested sediment accumu-

lation process is less than 100 percent efficient. Assuming that the

process is only 25 percent efficient it would still be possible to satis-

factorily explain, within the said process framework, the nearly 200 mg/L

sediment concentrations generally observed in frazil  sea-ice.

The general lack of sediment concentrations in the lower segments of

sea-ice is perhaps

formed. Accretion

relatively smooth,

porous, undulating

attributable to the process by which those segments are

of sea-ice in the lower portions presumably occurs as

horizontal, and consolidated sheets rather than as

slush. The lack of slushiness seems to be promotes by

relatively tranquil waters, which in turn obviously results from the lack

of fetch sometime after the initial frazil ice formation. It is surmised
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that the horizontal consolidated sheets do not offer as effective a sur-

face as the rough surface of slush ice for sediment accumulation.

The hypothesis presented above is of course conceptual in nature, and

must be verified by laboratory experiments conducted in freezing tanks and

supplemented by correlation of time-series hydrographic measurements during

freeze-up period and chronologic  characterization of the ice structure and

concentration of particles in sea-ice. At any rate, understanding of the

processes which lead to the concentration of sediments in sea-ice will

certainly have implication on several environmental related problems (e.g.,

pollutant entrapment by ice; the relevance of sediment in sea-ice to light

attenuation and hence spring primary productivity, etc.) .

Sedimentation Rates

Several gravity and box core samples were taken to estimate the upper

limit of sedimentation rates, based on
210

Pb dating techniques, for the

Simpson Lagoon, Prudhoe Bay, Harrison Bay, a coastal lake, continental shelf

and continental slope of the Beaufort Sea (Fig. 5b). In the eastern margin

-1 -1
of Harrison Bay the rate ranged between 0.60 cm yr and 1.64 cm yr , and

-1
in the Simpson Lagoon there was a net decrease from 0.82 cm yr in the west-

-1
ern end to 0.52 cm yr in the central lagoon due south of Pingok Island

(Fig. 17). The lateral variations in the sedimentation rates within the

continuous bay-lagoon region was obviously a reflection of the volume of

deposition of the Colville River debris. No meaningful rate could be obtained

for the continental shelf, central and western Harrison Bay, and central

Prudhoe Bay because of a lack of a clear-cut net linear exponential decay

210pb
in ● Presumably, reworking of sediments by ice-gouging and bioturbation
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homogenized the
210

Pb stratigraphy in the above regions. In the conti-

nental slope the sedimentation rate was relatively low (i.e. , between 0.70

-1
to 0.45 mm yr ).

-1
In the coastal lake the rate was about 0.89 cm yr .

Our 210Pb stratigraphic work suggests that with the exception of some

semi-enclosed bodies of coastal waters, such as the lagoons, the sediments

of the Beaufort Sea for the most part are subjected to frequent reworking

and redistribution by ice-gouge action. The undisturbed nature of the

lagoon sediments was additionally attested to in upper sections of vibrocore

samples (Fig. 16), which clearly display the preservation of primary sedimen-

tary structures and sediment sequences that are sharply delineated. On the

basis of these observations it would seem that any pollutant that may be

scavenged by, or codeposited with, the substrate marine sediments they would

frequently be remobilized from subsurface layers and thus could be exposed

periodically to biological communities. The common notion that sediments

are generally a very effective means to permanently scavenge pollutants may

have a limited relevance to the arctic shallow marine area.

Estimation of the baselines of sedimentation rates for various deposi-

tional sites would seem to be crucial in developing criteria to detect

possible changes in sediment budgets and metal fluxes resulting from

210pb
industry-related coastal activities. As discussed earlier, the

technique in the north arctic would seem to offer a limited means to esti-

mate these rates and fluxes and, as such other methods must be explored.

Sources and Origin of Erratic Boulders on Alaslcan Beaufort Sea Coast

Results of the detailed petrographic studies on 105 separate samples

of boulder chips and visual inspection of hundreds of samples in the field
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have enabled us to define the composition of the boulders that are

scattered on the beaches of the Pingok, Bodfish and Flaxman Islands, and

on the coastal plain in the vicinity of Prudhoe Bay and lower Canning

River of North Arctic Alaska. Petrographically the coastal boulder and

cobble specimens are diabases, volcanics, granites, elastic sedimentary

rocks, carbonates, cherts and metamorphic (medium- to high-grade) rocks.

Detailed descriptions of these rock types are included in Mowatt and Naidu

(1974) and Naidu (1979). Based on knowledge of known rock types in the

Brooks Range, Davidson, British and Romanzof Mountains and the MacKenzie

River drainage area it would seem most unlikely that the boulder samples

had their source in the hinterland of Northern Arctic Alaska or the adja-

cent Northwest Canada (i.e., MacKenzie Valley). Besides, no conceivable

mode of transport can be invoked to explain the means of moving boulders

from the far hinterland highlands to the Beaufort Coast. The lower area of

the coastal plain of the North Slope was not glaciated by mountain glaciers

during the last two glacial epochs and therefore, the boulders are not

ancient morainic debris from the Alaskan Arctic. Possible fluvial trans-

port of the boulders seems unacceptable considering the presence of glacial

striae on some of the boulders and the angular nature of the boulders, and

the”long travel distances that might have been involved. Additionally,

representatives of some of the typical lithologies among the boulder assem-

blages were not observed in the present fluvial bed loads of the North Slope

rivers.

Based on the unique lithologic assemblage and the relatively old age

of three separate samples of a red/dark pink granite (i.e., 1.6*$ 2.1* and

*Ages kindly provided by S. Rawlinson from his unpublished reports.



2.4 billion years), and the regional geology of the archipelago and shield

areas of Canada (Geol. Sot. Canada, 1970), it is contended that the boulders

probably have a major source in the region due south of the Coronation Gulf

of Northwest Territories, Canada (i.e., east of the Great Slave and Great

Bear Lake Provinces). In the past, we had believed that the Ellesmere

Island in the Canadian Archipelago could have been an important additional

provenance for the boulder deposits. However, this notion is not consistent

with the virtual absence of dolomites and limestones on the ice island T-3

(Stoiber et ai?., 1956), and the common presence of boulders of these two

rock types along the Alaskan Arctic coast. It is generally contended that

the ice island T-3 calved from the Ellesmere Island ice shelf. We have not

ruled out other possible source areas such as Northern Greenland (Hopkins,

1978a) for the coastal boulders in question. It is suggested that only

further detailed geological mapping of the various potential areas will

help resolve the boulder source(s).

The scenario which has been drawn in attempting to define the trans-

port mechanics of the erratic boulders to the Alaskan arctic coast, dwells

upon the theme that the boulders were ice-rafted by large bergs (Leffing-

well, 1919; Naidu, 1974; Mowatt and Naidu, 1974) presumably some time

during interglacial interval(s) when sea-level was at least 3 or 4 meters

higher than the present (Naidu, 1974; Hopkins, 1978a,b). Hopkins (1979)

further contended that with a synchronous rise in sea–level during

the Pelukian Transgression (last interglacial) the above icebergs were

calved and set free (with the Loulder burden associated with them) from

an ice shelf that presumably extended into the arctic continental shelf

from northern Keewatin and south-central Elizabeth Islands of Canada



(Hughes etiaz., 1977; Denton and Hughes, 1981; Hopkins, 1979). Lately I

have become quite skeptical of the ice-rafted concept, because of the

difficulty in accepting the incursion of large bergs with deep drafts into

inshores of the Alaskan Beaufort Sea. It would seem that bergs, suffi-

ciently large to be able to carry big boulders, would have been grounded

around the continental shelf margin of the ancient Beaufort Sea just the

way some of the larger ice islands (with mean thickness of about 17 m) do

moving inshore in present time. Alternatively, the ice-rafting concept

would imply that the ancient Beaufort Sea shelf was tectonically or iso-

statically depressed during the interglacial transgression when the boulders

were ice-rafted and deposited at the North Alaskan Arctic coastal area.

However, there is no substantiative evidence to support that the above

coastal area has been tectonically very active.

In light of the foregoing context, I have been tempted to entertain an

alternative idea. It is quite possible that the erratic boulders of the

Alaskan Arctic coast were borne and transported by a continental ice sheet

rather than icebergs. I contend that such a sheet was a distal tongue of

the much larger Laurentide ice complex (Flint, 1943). Conceivably, such a

sheet had extended at the height of the Wisconsinan glaciation (late Wurm;

around 18,000 y.B.P.) across the Northwest Territories (Canada) and along

the southern margin of the Beaufort Sea continental shelf, as well as the

adjacent coastal hinterland via the Coronation Gulf, Dolphin and Union Straits,

and had an outlet into the Beaufort Sea at Amundsen Gulf. It is further

conceivable that the boulders which were carried by such an ice were stranded

as residual lag deposits at more or less their present sites of occurrence

upon the melting of the Wisconsinan ice sheet. The possibility that such an
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ice sheet extended into the Beaufort Shelf is apparently implied by the

successive inferred positions of glacial ice margins during the Wisconsin

for North America (Prest, 1969; Denton and Hughes, 1981). It has been

speculated

ice was at

years ago.

by Prest (1969) that the retreating margin of the North American

the vicinity of the mouth of the Amundsen Gulf around 14,000

Therefore, it would not seem unreasonable to assume that

at the height of the late Wiirm glacial epoch (i.e., centered around 18,000

y.B.P.) the Wisconsinan ice might have extended farther out perhaps along

the present Beaufort Sea coast and the adjacent hinterland and, thus,

carried the train of boulders along with it. The foregoing scenario, although

perhaps somewhat simplistic, nevertheless would seem to be more credible

than the ice-rafting idea. It is suggestive that..Prest’s  (1969) map showing

the speculative ice-marginal positions during recession of the Wisconsinan

ice-sheet complex may be somewhat out dated (see Hughes et az., 1977; and

Hopkins, 1979 for further discussion and additional references). If this

is true, then the timing of the suggested extension of the Wisconsinan ice-

sheet into the Beaufort Sea shelf may have to be revised (perhaps to early

Wisconsin). More recently Hughes et az. (1981) offered explicit evidence

to show that Laurentide ice lobes had in fact engulfed the coastal region

of northeastern Yukon Territory in late Wisconsin time. Therefore, the

proposed idea of transport

bergs, remains for serious

of the boulders

consideration.

by an ice sheet rather than ice-

CLAY MINERALOGY OF THE BEAUFORT SEA

The predominant clay mineral in the < 2 ~m fraction was illite (45-70%)

with relatively minor amounts of glycol expandable minerals, kaolinite~



chlorite and mixed-layered phases. The dispersal patterns of the expand-

able minerals and the kaolinite/chlorite ratios in the continental shelf of

the Beaufort Sea are exhibited as Figures 18,19 and 20, and the distribution

of illite is shown in Figure 21 and was discussed elsewhere (Naidu and Mowatt,

1982) . Significant regional variations existed in the concentrations of the

expandable minerals in the Beaufort Sea. The marine facies of the Colville

Delta had the highest concentrations (30 percent or slightly more) followed

by a net seaward decrease to less than 10 percent off the delta. The adjacent

nearshore region north of the Kuparuk and Sagavanirktok Deltas, the outer

continental shelf of the Alaskan Beaufort Sea and the entire shelf off the

Mackenzie Delta had a general paucity of expandable minerals. It is notable

that a narrow isolated band, extending east-west in the central continental

shelf off the Canning River, had relatively more (20 to 28 percent) expand-

able minerals (Figs. 18 and 19). Although no systematic downstream varia-

tions in the expandable minerals was recognized within the lower 170 km

of Colville River (Mowatt et az. , 1974; Naidu and Mowatt, 1975), a definite

net decrease in the concentrations of these mineral phases was identified

seaward from the contemporary subaerial part of the Colville Delta (Fig. 22).

An illite-enriched  belt extended eastward of Point Barrow into the Beaufort

Sea and was confined to the nearshore up to the western margin of the Colville

Delta <Fig. 21). Subsequent lateral variations in illite abundances were

sharply delineated along the coasts of the major deltaic systems of North

Arctic Alaska. For example, sediments with relatively low (38 to 40 percent)

illite wexe restricted to the marine facies of the Colville Delta including

Harrison Bay, whereas a sharp increase (> 60 percent) was apparent off the

Kuparuk and Sagavanirktok Rivers (Fig. 21). Coinciding with the relatively
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increased abundance of expandable minerals was an

gated band of low amounts of illite in the middle

isolated, eastwest elon-

continental shelf north

of the Canning River. The rest of the Beaufort Sea shelf was blanketed by

moderately high (48 to 59 percent) amounts of illite (Fig. 21).

Additional clay mineral studies

showed, as in case of the expandable

pattern of variation along the lower

on the Colville deltaic sediments

minerals, no systematic downstream

170 km of the Colville River (Mowatt

et al., 1974; Naidu and Mowatt, 1975).

in illite seaward from the contemporary

Delta are noted (Fig. 23).

The concentrations of kaolinite in

However, an unequivocal net increase

subaerial part of the Colville

the < 2 Urn fraction of sediments

ranged from 10 to 15 percent. The kaolinite/chlorite ratios (Fig. 20) seem

to have offered a useful means to identify the relative variations of the

two minerals. In the Beaufort Sea, the ratios were generally

(> ().s) as compared to the rest of the Alaskan shelves (Naidu

high throughout

and Mowatt,

1982), although appreciable lateral variations were observed in the ratios

(Fig. 20). There was a net seaward decrease from the Colville River mouth.

A band with the highest ratio (> 0.7) extended westward from the Kuparuk River,

whereas the lowest ratios were identified adjacent to the coast of the Saga-

vanirktok and Canning Deltas, and extended up to Barter Island. In the

central Beaufort Sea shelf, the lowest ratio extended northeast of Point

Barrow, whereas a tongue of sediments with the highest kaolinite/chlorite

ratios existed off the Canning River–Barter Island area.

The observed clay mineral distribution patterns on the inner conti-

nental shelf of Alaska (especially the Simpson Lagoon area, Fig. 24) generally

can be attributed to various terrigenous sources, and to the subsequent dis-
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persal of the clays to the depositional sites by the prevailing current systems,

rather than to chemical reactions between detrital clays and cations in sea

water (Naidu and Mowatt, 1982).

A number of investigators (Biscaye, 1965; Griffin et az., 1968; Rateev

et al., 1969) have shown that broad latitudinal trends existed in the distri-

bution of kaolinite  and chlorite in the world’s oceans. Such trends were

related to the generation of characteristic clay mineral assemblages under

different pedogenic processes associated with latitudinal variations in climate.

Our studies in the Beaufort Sea of Alaska would seem to show that the latitu-

dinal trends in the distribution patterns of the clay minerals, as suggested

by the above authors, were not maintained, for the concentrations of kaolinite

and the kaolinite/chlorite ratios were similar to those found at middle

latitudes. It was suggested (Naidu et az., 1971) that this apparent discrepancy

was related to the reworking of kaolinite-bearing sedimentary rocks of Northern

Alaska, and the subsequent supply of kaolinite to the adjacent Beaufort Sea.

In the Beaufort Sea, with the exception of the coastal area, the clay

mineral assemblages do not appear to provide unequivocal means to elucidate

the sources and depositional sites of fine-grained sediments in the middle

and outer continental shelf areas. The patchy distribution of clay minerals

in the central and outer continental shelves are presumably attributable to

the highly seasonal nature of sedimentary regimes, ice-cover effects, the

haphazard transport of clays by ice-rafting, and the occasional reworking

and redistribution of sediments resulting from ice gouging, all of which are

phenomena peculiar to the arctic sedimentary regime (Reimnitz  and Barnes,

1974; Reimnitz et az., 1977). The identification of an extensive, isolated

area of sediment, with unexpectedly low illite (Fig. 21), accompanied by



relatively high proportions of expandable clay minerals (Figs. 18 and 19)

and high kaolinite/chlorite ratios, in the outer eastern shelf of the Alaskan

Beaufort Sea (north and east of the Canning River delta) has proved to be an

enigma. Initially, we were led to believe that the clay deposit was a con-

temporary sediment originally derived from the Colville River. This conclusion

was based on the presence of large amounts of expandable clay minerals in the

Colville River bedload (Naidu and Mowatt, 1982) as well as in the deltaic sedi-

ments off the river mouth. Currents with a net eastward vector and of sufficient

strength (up to 100 cm/see; average 40 cm/see) were reported to prevail in

the central and outer continental shelf of the Beaufort Sea (Johnson, 1956;

Hufford, 1973; Mountain, 1974). Conceivably therefore, clay size particles

from the Colville Delta could be transported readily to the Alaskan sector of

the Eastern Beaufort Sea. However, the isolated and discontinuous position

relative to the Colville Delta strongly suggests that the deposit was relict.

A possible source in the Mackenzie River was considered unlikely, for there

are relatively high proportions of illite and low concentrations of expandable

mineral phases in the Mackenzie bedload and also in the deltaic sediments

off the river mouth (Naidu and Mowatt, 1982). In addition, the distribution

pattern of illite (Fig. 21) does not support a significant westward flux of

Mackenzie River clays.

In the coastal Alaskan part of the Beaufort Sea the lateral variations

in clay mineral assemblages were shown by Naidu and Mowatt (1974, 1982) to

reflect the differences in the clay mineral suites of the major rivers of

the North Slope of Alaska and to show limits of westward littoral transport

of the clays from the various fluvial outfalls. The presence of a net west-

ward littoral drift in the above area was confirmed by investigations based
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on nearshore current measurements and experiments involving drifters (Wiseman

et al., 1973; Dygas and Burrell, 1976; Barnes and Toimil, 1979; Matthews, 1981).

In attempting to explain the seaward decrease in expandable clay minerals

relative to illite, we have considered possible authigenic  and diagenetic

changes in clay mineral suites resulting from changing salinities, particularly

in light of the experimental data gathered by Whitehouse et az. (1960), in

addition to our own studies on Colville River clays (Mowatt et az. , 1974)..

Naidu and Mowatt (1975, 1982) suggested that the observed variations in the

clay mineral assemblages of Colville Delta are largely due to “reconstitution”

(Weaver, 1958a, 1958b) of some of the expandable material by K+ adsorption

by degraded (depotassicated) illites and/or by mixed-layered illite/smectite

that had intercalated degraded illite phases. The proposed mineral reconstitu-

tion probably occurred through a process of halmyrolysis  as some of the expand-

able clay minerals were passed from non-saline to the saline environment. This

further seemed likely considering that a portion of the expandable minerals

(other than the depotassicated illites) of the Colville River are predominantly

well-defined smectite, derived principally from the Uniat Bentonite, thoroughly

characterized by Anderson and Reynolds (1966). The conversion of such a smec-

tite to illite in the contemporary marine environment is difficult to conceive,

particularly in light of thermodynamic arguments (Eberl and Hewer, 1976), and

the character of illites and mixed-layer illite/montmorillonites (Hewer and

Mowatt, 1966).

In summary, our ability to fingerprint the clay mineral assemblages of

the various fluvial systems of the !fcmth Slope offers a unique criterion to

interpret the disposition of paleochannels,  and also of paleocurrent directions?

for the Beaufort Sea nearshore. Additionally, based on our studies, it would



seem that dispersal patterns and depositional sites of any pollutants that

would be scavenged by clay minerals and discharged from specific discharge

points, can be predicted for the Beaufort Sea inner continental shelf.

SEDIMENT GEOCHEMISTRY

Organic Carbon and C/N Ratios: The average concentrations (by dry weight

%) of organic carbon and nitrogewand

for various environments of the North

the average C/N ratios of marine sediments

Alaskan Arctic are presented in Table

VI. The distribution pattern of organic carbon in the Beaufort Sea and the

Simpson Lagoon are shown in Figures 25 and 26 respectively. The C/N ratios of

the arctic deltaic sediments are slightly higher than the 8 to 12 ratios that

were reported as typical for the low-latitude deltaic sediments. A net decrease

in the C/N ratios of sediments from the nearshore to deeper waters are recog-

nized. It is surmised that the latter variations are most likely attributable

to

to

in

seaward decrease in the proportion of terrigenous organic detritus as opposed

marine detritus. This is consistent with the pattern of seaward variations

the stable isotope ratios (6
13

C) of total organic carbon in continental

margin sediments of Beaufort Sea (Gearing et az. , 1977).

Organic carbon in the particulate and dissolved phases of a few water

samples were analyzed. The content of particulate organic carbon (POC) in

the Colville River fresh-water regime was 0.54 mg !L-l, whereas in the lower

-1
saline or brackish portion it was about 0.34 mg ~ . In the east Harrison

.
Bay and Simpson Lagoon the POC values were 0.28 and 0.31 mg !2-1, respectively.

The dissolved organic carbo,l (DOC) in the Colville River and east Harrison

-1
Bay waters were 4.4 and 2.9 mg k , respectively.
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TABLE VI

AVERAGE CONTENTS (BY DRY WT. %) OF ORGANIC CARBON AND NITROGEN,
AND AVERAGE C/N RATIOS OF COASTAL TUNDRA PEAT, AND

SURFICIAL SEDIMENTS OF THE CONTINENTAL MARGIN
OF THE BEAUFORT SEA AND CANADA BASIN

Environment Organic Carbon Nitrogen C/N Ratios

Harrison Bay 0.88 0.08 11.7

Simpson Lagoon 1.12 0.08 13.2

Open Beaufort Sea Shelf
(21m to 64m) 0.73 0.08 9.0

Continental Slope
(64-1000 m) 0.89 0.12 7.0

Deep-Sea (>1000 m) 0.81 0.17 5.2

Coastal Tundra Peat* 19. o*

*
Average of C/N ratios of several samples provided by Dr. D. Schell
(personal communication).
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Figure 25. Map of the lleauforc Sea showing the distribution of organic carbon (wt. %) in bottom
sediments.



Carbonate Contents: The distributional pattern of carbonate contents

(dry weight %) in bottom sediments of the Beaufort Sea are illustrated in

Figure 27. A net seaward decrease in carbonate contents is apparent.

Heavy Metal Geochemistry: The baseline average concentrations of eight

metals (e.g., Fe, Mn, Cu, Co, Cr, Ni, V and Zn) in gross sediments and

“readily” mobilized sediment fractions in four depositional facies (e.g.,

continental shelf, Harrison Bay, Simpson and Beaufort Lagoons) of the

Beaufort Sea are compared in Table VII. More detailed fractionation patterns of

the metals for six different Simpson Lagoon sediments are shown in Tables VIII

to XIII. The distributional patterns of the eight metals surface sediments of

Beaufort Sea are displayed in Figures 28 to 35.

An abbreviated reaction description, for data presented in Tables VIII

to XIII, with the corresponding sediment constituent presumably under attack

is shown for each treatment. The seven-step treatment scheme is similar to the

scheme used by Gupta and Chen (1975, among many others), in basic form and

rationale. The more easily leached metal phases (or the more “readily” mobilized

fractions) are selectively removed first and the relatively more stable forms

are attacked in successive steps.

The references for treatments adopted were:

Idealized Fraction

Exchangeable

Carbonates

Organic Complex

Manganese and Easily Reducible Oxides

Moderately Reducible and Crystalline
Iron Oxides

Remaining Nonsilicates,  Sulfides and
Organics

References

Jackson, 1958

Sibbesen, 1977

Giovannini  and Sequi, 1976

Daly and Binnie, 1974

Coffin, 1963

Agemian and Chau, 1977;
Olade and Fletcher, 1974
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AVERAGE
ml)

Environment

TABLE VII

CONCENTRATIONS (pg/g, EXCEPT Fe WHICH IS IN
THE ACETIC ACID-HYDROXYLAMINE HYDROCHLORIDE

1(I vg/g) OF SOME HEAVY METALS IN THE TOTAL (T)
EXTRACTS (E), WITH CALCULATED PERCENT

EXTRACTABLE QUANTITIES (%E) FROM 54 SIMPSON LAGOON, 19 BEAUFORT LAGOON,
7 BEAUFORT SEA SHELF AND 7 HARRISON BAY SEDIMENTS

v Cr Mn Fe co Ni Cu Zn

T E %E TE%ETE %E T E %E T E %E TE%E TE%E TE%E

Simpson Lagoon 70 4 6 4 5 1 2 260 130 50 2.(3 .22 11 8 2 25 23 3 14 17 3 18 76 13 17

~
N Beaufort

Lagoon 100 9 9 55 1.6 3 400 200 50 2.8 .,31 11 10 3.5 35 30 3 10 27 4 15 80 15 19

Beaufort Sea
Shelf 140 10 17 85 1.6 2 560 230 40 4.1 .42 10 16 3.9 24 40 3.7 9 33 8 24 112 21 19

Harrison Bay 108 14 13 67 2.5 4 410 180 44 2.8 .57 20 10 2.5 25 28 4.5 16 30 7 23 80 22 28



LVJ LS VII I

AVEMGE CWW24TRAT [024S  ( UK/X) OF SONE Nfiivy PIETALS [!4 WC ILiCTS WJil ,~ SLvl:N-SrEP  , “iU~-STCl’ . ,L$ll S lSCLC CNE!4 [CAL ‘1’ RSXTXENT ,
AS !+W.L X+ TOTAL I) IS WLUTILIN W SLS77-2  (SAND SED[NSNT, SIWSO!N  LAUYXi)

EXTSL!LTLON PROCEDURE IDEALIZE6 HIALT I OX TARCET v Cr % Fe co $: [ Cu Zn _

I. Swen-Seep Trcacnwncb

1.

2.

3.

4.

5.

6.

7.

0.2 x !fgcl~ -
criechanolamine:
PH 8.1; 5 minutes

CaciOn exchange resin
in nylan net bag;
PH 5: 8 hours

A.cecylacetone in benzene
(5:95) ; 203 hOurs

0.1 N hydrorwlamine-HCl
in 0.01 M HN03 (PH 2);
30 minutes

0.2 f4 acid -nium
w.alace; PH 3.3 buffered;
2 hours

5% sodium d ithi.anite  in
0.2 SI cicrace buffer
(PH 4 .8); 30 minutes; 50”C

2% KCIOj in 0.5 N tSCl;
ptl 0.3: 24 hours

Exchangeah  Le

Carbonates

Organic comp kc

Nanganese and easily
reducible oxides

Amorphous iron oxide.a

Ifoderately  reducible and
crystalline iron oxides

-ioing noasilicaces;
aufhigemic  sulfides,
Orgaoic Cmplex

Extractable Total

n.13

0.12

0.2

o.?

1.7

z

0.55

0.02

0.12

0.03

0.03

0.2.5

0.5

0.2

9

20

15

1s

5

12

5

3

40

200

100

1,100

2,100

400

0.02

0.18

0.15

0.2

0.2

0.8

0.25

0.07

0.5

0.03

0.2

0.4

0.8

0.9

0.23

0.6 2.5

1

0.37 2

1 2

0.3

1

4.9 1.05 81 3,943 1.8 2.9 4.5

Concentrated HF (482) and Residual, resistant NA 16.35 35 5,000 NA 3.2 4.4 11.6
HNOj (70%) digestion (l:l)C minerals

Sum Total 17.4 116 8,943 6.1 8.9

II. TVO-Seep Treatmencd

1. 0.1 f’1 hydroxy2am.ine-NCl Sxchangaable,  carbonates,
in 0.01 H H5YOj (PH 2); easily reducible oxides
30 minutes

2. 0.5 N HCI; Iron oxides, orgaoic complex,
pH 0.3; 12 hours auchigenic  sulfides

Extractable Total

III. Single Treacmente

1 M hydroxylamine-HCl  in Exchangeable, carbonates, 2.0 0.44 80 1,100 0.66 1.0 1.1 3.0
25% acecic  acid; mangamese  oxides,
pli 1.5; 4 hours scae iroo oxides

Iv. SLngle  Total DiSSolution

Concentrated HF-HN03 Sncire sediment 36 21 146 9,500 3.6 U 11 28
digescian  (1:1)

aTemperature of 25”c U“l.SSS ochet-vise  specified.
bSequenCe modified after Cupta and Chen, 1975 (see text for dec~ils).

CRader and Gri=ldi, 1961.
dAs sup,gescad in chls study (see text for details) .

‘Chester a“d Hughes, 1967.
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T.\BLti [X

.\VEK.\GE  CONCENTIL\T  IONS ( ss/ S) lJF SONE NEWS METALS  [N EXTRACTS lfRoN A S EVEN-STEP, TNO-STEP . .\XD S I X(:LE CNSSS  lL3L TI?C,!TMENT ,
AS IWLI. AS TOT.IL UISS(ILUTION  OF SL877-LJ (SILT SED[NENT, S[NPSUN LAGOON)

EXTRACT 10N PROCEDURE” IDE.iLIZEO FRACTIOX TAROET v Cr >!n Fe co xi (;” Zn

I. Seven-Step Tceacmencb

1.

2.

3.

4.

5.

6.

i’.

----

0.2 x xgcl~ -
c r iechano lamine;
PN 8.1; 5 minures

cation sxchange resin
in nylon ner bag;
pH 5; 8 hours

Acety lace cane in benzene
(s:95);  200 hours

0.1 M hydroxylamine-HCL
in d.OL H HNO~ (PH 2);
30 minutes

0.2 x acid atmionium
oxalace; PH 3.3 buffered:
2 hours

X sodium dithianite  in
0.2 M citrate buffer
(pH 6.8); 30 .’UillUCeS;  50°C

2% KC103 in 0.S N ifCl:
pti 0.3; 24 hours

Exchangeable

Carbonates

Organic complex

Nanganese  and easily
reducible oxides

Amorphous iron oxides

Moderately reducibLe  and
crystalline iron oxides

Remaining monsilicates :
auchigenic  sulfides,
organic complex

Extractable ToCal

0.25

0.6

0.5

0.5

4

3.7

3.&5

0.06

1

0.05

0.05

1

1

3.5

37

70

60

37

28

40

28

15

150

4U0

85

4,500

4,050

3.000

0.05

0.3

0.3

0.15

0.8

2

1

0.23

1.8

0.02

0.2

2

3.5

4.5

0.7

2.7 9

3

0.2 1.3

4.5 8

1.3

2.6

13 6.66 300 12,200 6.6 12.25 15

-— -———--——— —-——-——-—  ——. -— ______________

Concentrated RF (48%) and Residual, resistant
HN03 (70%) digestion (1:1)= minerals

Sum Total

11 Two-Step Treatmentd

J

1. 0.1 N hydroxyl.amine-HCl Exchangeable, carbonates,
in 0.01 M HNOj (PH 2); easily reducible oxides
30 minutes

2. 0.5 N tiCl: Iron oxides, organic complex,
P16 0.3; 12 hours auchigenic  sulfides

Extractable Total

III. Single Treacmence

1 H hydroxylamine-HCl in Exchangeable, carbonates, 5.1 1.8 300 3,700 3.0 5.0 3.5 18
25% acetic acid; manganese oxides,
pH 1.5; 4 hOur9 some iron oxides

Iv. Single  Total Oissolutionc

Concencraced  HF-HNOj Entire sedLmenc 79 60 467 26,400 9.2 29 23 88
digesciom (1:1)

a
Temperature c.f 25-C unless otherwise specified.

bSequence mod if led after Gupca and Che”, 1975 (see text for details) .

CRadec and Grimaldi , 1961.
dAs Suggested in this study (see text for details) .

‘Chestec  and Hughes , 1967.
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T.\LiLE  X

AiWLWE COSCEXTIL\T  [0SS (>s/ K) OF SONE HE:ivY WT.\LS W FXIWACTS WWN ,\ SEVKN-S”IW , TKO-W’SI> . ..i Xll SISti[.  E CHF3![C...  L i?. EAT}l EST,
AS \.’ELL ,IS 3’dTJL C11SSL3LGTLL3S  OF SLS77-L8 (l%Wk’, S[LTY SA?4U 51iD[NUT. SI>NWIN L\(;OUX )

EXTMCTIW  ?WCEDLTiE= IDEAL [ZED FILWTILIX TARG&T v Cr xn ,,e cd xi Cu %n

I. S.xen-Seep Treacmencb

1.

2.

3.

4.

5.

6.

7.

0.2 N MgcL: -
t rie Chanolamine:
pH 8.1; 5 c!inuces

cat ion exc~anse resin
in nylon nec bag;
pr-1 5; S hours

Ace cylacecone  in benzene
(5:95); 200 hours

0.1 !i hydroxylamLne-HCl
in 0.01 H H.Y03  (PH 2);
30 minutes

0.2 H acid ammonium
oxalace; PH 3.3 buffered;
2 hours

5% sodium dithfonite  in
0.2 3 cicrace  buifer
(PH 6.8): 30 mhuces; 50”C

2% Kclo> in 0.5 N Hcl;

Exchangeable

Carbonates

Organic complex

Nanganese  and easily
reducible oxides

Amorphous iron oxides

Moderately reducible and
crystalline iron 0xLde9

Remaining nonsilicaces:
PM 0.3; -24 hours auchigenic  sulfides,

organic complex

Extractable Total

3.7

1

1.3

5

1.3

2

0.14

0.06

0.1

0.9

0.9

2

16

1

12

7

10

16

660 1.:

1,000 0.:5

250 0.3

4,000 0.7

1.500 1.6

2,080 1.3

2.5

0.05

0.7

3

1.7

3.5

3.A 10.5

:.7

0.2 2.5

4.6 5

0.7

2.1

14.5 4.2 70 9,500 5.2 11.6 16

.— —— —-. —--——. -—

Concentrated HF (48%) and Residual, res isc.snt
HN03 (702) digestion (l:l)C miaerals

Sum Total

II. Two-SCe P Treat=entd

1. 0.1 X hydroxylamine-HCl Exchangeable, carbonates, 5 0.5 44 670 1.3 3 5 16
in 0.01 M HN03 (ptf 2): easily reducible oxides
30 minu ces

2. 0.5 N 13CL; Iron oxides, organic co.splex, 8 1.6 23 4,810 1.7 6 8.5 19
PII O. 3; 12 hours authfgenic  sulfides

Extractable Total 13 2.1 67 S,480 3 7 13.5 35

111. Single  Treacmence

1 !4 hydroxylamine-HCl  in Exchangeable, carbonates, 6.7 1.7 60 4,100 3.1 6.1 2.3 22
25% acecic  acid; manganese oxides,
PH 1.5; 4 hcurs sane iron oxides

Iv. Single Tc. tal Oissolutionc

Concentrated HF-HN03 Entire sediment 74 54 163 19.300 8.7 27 20
digestion (1:1)

78

‘Temperature of 25”c unless  otherwise specified.
bSequence modified after C“pta and Chem, 1975 (see text fOr details) .

CRader and Crimaldi,  1961.
d,1$ suggested in this study (see cexc for details) .

‘Ches cec  ● nd Hughes, 1967.
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TABLE X7

At’ E8ACE CU!iCESTtL\TIONS ( >s/g) OF SOW NE.~W’  tNZT.\LS  IN EXTRWTS  FROM ,1 st:VES-S’fi:l’ . TW-STEI> , .L\D S 1 stil.E CNESI [ C.u l’RE,\T}!S!:T ,
AS h’ELL AS TOTAL DISSOLU~ION  W SLS77 -23 (StLWf S lLT SIX31WNT. S IMI’SON L.”i[xlOS)

EXTFL\CTIOX  P!U)CEDL’RE= [DEALIZED  FKlmlox  T.\KGET v Cr % Fe c@ !ii h Zn

I. Seven-Step Treacmencb

1.

2.

3.

4.

5.

6.

7.

~-~ x )[gcll -
t rie rhanolamine:
pti 8.1; 5 minutes

Cac ion exchange resin
in nylon nec bag;
pH 5; 8 hours

Acecylace cone in benzene
(5:95): 2D0 h~rs

0.1 SI hydrox ylamine-HCl
in 0.01 X fLY03  (Pii 2);
30 minutes

0.2 X acid annnanium
oxalate;  PH 3.3 buffered;
2 hours

5Z sodium dichionire in
o.~ x ci~race buffer
(pH 4.8); 30 MiUUCeS; SO-C

2% KC103 in 0.5 N HC1;
PH 0.3; 24 hours

Exchangeable

carbonates

Organic complex

Manganese and easily
reducible oxLdes

Amorphous iron oxides

Noderacely reducible and
crystalline iron oxides

Remaining nonsilicates;
auchigenic  sulfides,
organic complex

Extractable Total

O.k

1.5

0.4

0.4

4

3

1.5

0.?

0.6

0.2

0.1

1

1

2

20

80

20

20

20

40

20

10

300

$00

200

4,000

5,000

1,800

0.03

0.7

0.2

0.3

1

1.7

0.7

0.2

~.j

0.05

0.5

2

3

3

0.8

2.5 13

3.5

0.2

5

1.5

2.5

3.5

6

11.2 5.1 220 11,710 4.6 11.3 16

-——.——-——————— —--—.-———-—--—. —-----— ------ —-—-——

Concencraced HF (48%) ‘and Residual, resistant 60 80 13,000 15
HNOj (70Z) digestion (1:1)=

5.5 37
minecals

Sum Total 65.1 300 24,710 26.3 21.5

11. Two-SceO Treatmencd

1. 0.1 ?! hydroxylamLne-RCl Exchangeable. carbonates, 1.5 0.2 151 170 0.8 0.3 0 3.1
in 0.01 N HNOS (PH 2); eas fly reducible oxides
30 minutes

2. 0.5 X HC1; Iron oxides, organic complex. 8.8 2.5 84 4,700 2.5 7 12.2 25.4
pH 0.3; 12 hours authigenic  sulfides

Extractable Tocal 10.3 2.7 235 4,870 3.3 7.3 12.2 28.5

111. Single Treatmente

1 II hydroxylamine-HCl in Exchangeable, carbonates, 4.4 1.2 215 2,480 2.7 4.7 2.7 15
252 acetic acid; manganese oxides,
PH 1.5; 4 hours some iron oxides

Iv. Single Total Dissolutionc

Concentrated HF-HNO, Entire sediment 70 56 380 20,900 g.k 27 21 93
digestion (1:1)

‘Tcmperac”re of 25”c unless otherwise specified.

bSeq”ence  modified after Gupca and Chen, 1975 (see teXt for details) .

cRader md Grimaldi,  1961.
dAS suggested in thk study (see text for details) .

‘Chescec and Kughes, 1967.



C.\ELE XT I

AVEJL\CE COXCEST%\TIOW (.:/<] UF SOW KE,iVY WTiLS IX EXTR,ILTS FROM .\ Sl:VfN-S3’[ :1>, T!KI-SIEY , .\SD s I S[:I.E c;[l:}l[C.\L 1.ii,ylyi::~.
.1s ,.; ELL .!S rOT.\L  DI$WLLTLOX UF SLY77-.!tI  (CLAYN s lLT SLD[WNT , SLWSON  L.\GO{ IS)

EXTMCTIOS lWIOIXEa 10EALIKO FUCT IO!: T.\RGET {, Cr ?In ~c. c“ ‘; i ::, .!,,

1. Sevcn+tcp  Tr.eacm?ncb

1.

2.

3.

4.

5.

6.

7.

0.2 x :lgcl~  -
tricth.molamlne:
PH 8.1; 5 minucss

C.wian exchange resin
in nylon net bag;
pH 5; 8 hours

Acecylacetone  in benzene
(5:95); 200 hours

0.1 }1 hydroxylamine-HCl
i“ 0.01 x H!!O: (PH 2);
30 minures

0.2 X acid ammonius!
oxalace; pH 3.3 buffered;
2 hours

5X sodium  dithionite in
0.2 2! citrate buffer
(PH 4.8) ; 30 minutes; 50°C

2% KC1OI in 0.5 X HC1:
PH 0.3 ;-24 hours

Excimrqeable

Carbonates

Organic complex

Yanganese and easily
reducible oxides

.!morpnous  iron oxides

%dcracely reducible and
crystalline iron oxides

Remainine nonsilicaces:
auchiqenic sulfides,
organic complex

Extractable Tocal

O.J 0.07

1.3 0.3

1.3 0.06

1.8 0.06

5 1

6.3 0.7

2.5 2

10 7

30 300

j 600

20 83

20 4,100

65 4,900

30 2,700

O.OJ 0.2 0.7

0.$2 J 3 s

O. 15 0 4

0.10 0.2 o.? L

1.2 3.5 6 s

2 3.5 1.2

1 & 3.5

16.5 4.17 160 12,690 4.9 14. fl 19.6

----------------------------------------------------------------------------------------------

Comcencrated HF (4SZ) and Residual, resistant
H::Oj  (70%) digestion (l:l)C minerals

Sum Total

II. Two-Step Treacmencd

1. 0.1 !i hydroxy laulne-HCl Exchangeable, carbonates.
in 0.01 H wOI (plf 2); easily reducible oxides
30 minutes

2. 0.5 N HC1: Iron oxides, organic complex,
PH O. 3; 12 hours auchigenic sulfides

Extractable Total

111. Single Treacmente

1 X h ydroxy la,nine-HCl  in Exchangeable, carbonates, 5.1 1.8 114
25% acetic acid;

2,760 2.3 4.3 2.8 16
manganese oxides,

pH 1.5; 4 hcwrs some iron oxides

Iv. simz Le Toed Dissolucionc

CQncen L rated HF-HNO, Sntire sediment
digestion (L:l)

93 62 290 26,700 9.3 32 23 100

‘Tcmperac”ce of Z5. C “nLeSS otherwise specified.
b
Sequence ~od~f~=d  ~fter  C“PC= a“,j Chin. 1975 (see cexc for details) .

cRader arid Criu,aldi,  1961.
d

.~, SUK$Le  Steal Lm thl~ study (see text fOr dccails).
e
chesc. c and Huy,he,  , Lg6,.
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T,\BLE  X [11

r\vHS.\tiE COSCESTRATIUSS  ( .s/s) OF SO?IE NE.\VY !lETALS  IS EXTILICTS FR(Nl ,i sWL!J-STIH’  . ‘lW-STEP  , AND S [XCLE CHLM IC.\L TREAT!IEXT  ,
,\s ::ELL ,\S TOTAL D I SSULUT ION OF CC-1 ( PEATY  , CL,\YCY -S 1 US’ SIA.. D SE DIWNT , S [NPSON L,MMN)

EXT!L\CT’IOS W3CEDWX I DEi\L [LEO F7L\CT  10S TNWET v Cr Nn Fe co xi co h

1. Seven-Stev  ?r*atnencb

1.

2.

3.

4.

5.

6.

7.

-—.

0 .2  s ~gcl~ -
triethanolanine;
PH 8.1; 5 minutes

c~tic.n  exchange  resin
in nylon nec bag;
pH 5; S h.aurs

,xcetylacecone  in benzene
(5:95); 200 hours

0.1 M hydroxylamine-HCl
in o.o1 X HliOj (pfi 2);
30 ❑ inutes

0.2 M acid aumonium
oxalace; pH 3.3 buffered;
2 hours

5Z sodium  dichionite in
0.2 :1 citrace buffer
(PH 4.8); 30 minutes; 50”C

‘2% KCIOj in 0.5 X HC1;
PH 0.3; 24 hours

Exchangeable

Carbonates

Organic complex

Manganese and easily
reducible oxides

Amorphous iron oxides

Moderately reducible and
crystalline iron oxides

Remaining nonsilicates;
auchigenic sulfides,
organic complex

Extractable Total

0.4 0.05

1 0.5

0.4 0.05

0.4 0.05

2.6 0.85

4 1.5

2 2.2

17 30

3’4 220

10 200

11 170

7 3,000

26 3,700

12 1,400

0.03 0.25

0.47 4.3

0.1 0.05

0.2 0.7

0.5 2

1.7 2.7

0.5 3

0.55

2 . 5 12

2

0.05 2.3

3 . 5 6

1.2

2

10.8 5.2 117 8.720 3.5 13 11.8

-—-— --—-—----- _--_ ——----_--  —-- —-----------—----— ——-—----—--———-——— --—---—----

Concentraced  HF (48%) and Residual, resistant
lLVOj (70%) digestion (1:1)= minerals

Sum Total

11. Two-Step Treatrmncd

1. 0.1 M hydroxylaafne-HCl Exchangeable, carbonates,
in 0.01 M KVOj (PH 2) ; easily reducible oxides
30 minutes

2. 0.5 N HC1; Iron oxides, organic complex,
pH 0.3; 12 hours authigenic  sulfides

Extractable Total

111. Single Treatment.e

1 ?4 hydroxy  lamine-HCl  in Exchangeable, carbonates. 3.5 0.7 90 1.500 2.1 4 0.4 12
25.2 acetic acid; manganese oxides,
pH 1.5; 4 hours some iron oxides

Iv. Single Total Dissolutionc

Concentrated HF-HN03 Entire sediment 56 46 211 16,500 6 21 L6 65
digestion (1:1)

aTempeHCUre  of 25”c unless othe~ise speciffcd.
b

Sequence modified  after GIIp Ca a“d Chen, 1975 (see text for details).

‘Sader and Grimaldi, 1961.
If
AS suggested in this study (see text for details).

‘Chester and H“ghe~  , 1967.
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A two-step abridgement of the above six steps is also shown for two

of the six samples. Here, the very complex sediment assemblage was simplified

into two categories: easily leachable and moderately leachable.

The single treatment was the familiar hydroxylamine  hydrochloride-

acetic acid procedure of Chester and Hughes (1967).

The foregoing laboratory investigations, and the interelement  and the

elemental-lithological  correlation matrix (Table IX)

standing the partitioning of the eight metals in the

The bulk of the iron occurred in the last steps

have assisted in under-

sediments.

of the sequential scheme,

i.e., oxalate, dithionite, HC1, and HF-HN03 treatments. Approximately half

of the total iron was non-residual, i.e. , removed into the seven extractions.

The oxalate, dithionite, and HCl steps account for 90% of the non-residual

iron. Therefore, most of the available iron required a moderate to strong

chemical attack to be released from the sediment. While the remaining ele-

ments showed great variation in the proportion of residual to non-residual

partitioning, they generally followed iron’s non-residual distribution pattern

among the various leachates.

Iron oxides appeared to account for a large share of the nonsilicate

metal partitioning. Note, however, the abundance of metals removed by

step 2 (cation exchange resin). This implies that a significant amount of

the metals can be released from sediments merely by a

pH of the environment.

Copper displayed the most distinctive extraction

trace elements. It showed the least association with

small lowering of the

behaviour  of all the

oxides phases. Rela-

tively more copper was removed by the weaker treatments and it had the

highest non-residual proportion of the eight metals studied (up to 80%).



*...

D

Sd

St

cl

}1”

C03

Oc

i4E Fe

E Fc

NE Nn

E :In

Nt: %n

E 2n

NE V

E V

NE Cr

E Cr

NE Ni

E Ni

NE Cu

E Cu

W co

E CO

D Sd St cl Nu

-0.630

0.638 -0.987

0.465 -0.829

0.630 -1.000

0.490 -0.843

0.249*  -0.546

0.676 -0.944

0.513 -0,841

0.647 -0.887

0.353* -0.696

0.655 -0.817

0.605 -0.813

0.585 -0.876

0.465 -0.853

0.596 -0.92$

0.399 -0.796

0.587 -0.929

0.313* -0.7s5

o. 301* -0.680

0.482 -0.694

0.453 -0.717

0.468 -0.778

0.762

0.987

0.829

0.520

0.917

0.820

0.874

0.682

0.783

0.761

0.835

0.816

0.889

0.774

o.89&

0.726

0.653

0.652

0 . 6 9 2

0.759

0.829

0.712

0.587

0.841

0.767

0.793

0.613

0.771

0.886

0.897

0.882

0.908

0.724

0.B98

0.750

0.721

0.701

0.675

0.709

0.843

0.546

0.944

0.841

0.887

0.696

0.817

0.813

0.876

0.853

0.924

0.796

0.929

0.755

0.680

0.694

0.717

0.778

TABLE XIV

CORRELATION COEFF1CIIN7’S$  FOR CNENICAL  AND 3’EXIWAL  CONI,lJS13’IUNSb
OF 54 S lNYSON  tACOON SlU31NEN1’S , ARC~IC COAST OF N083’NW’, ALASKA

C 03 Oc NE Fe E Fe NE 1111 E Nn NE Zn E Zn NEV EV N!? U E IX SE xl c xi w: [:11 K (:11 ::1: co k: c,,

0.413

0.776

0.687

0.709

0.671

0.705

0.745

0.785

0.670

0.727

0.716

0.788

0.656

0.585

0.659

0.623

0.6Z6

0.520

0.600

0.546

0.499

0.473

0.603

0.569

0.575

0.568

0.531

0.552

0.667

0.618

0.284*

0.439

0.635

0.844

0.934

0.680

0.847

0.776

0.916

0.846

0.937

0.737

0.933

0.709

0.674

0.749

0.757

0.777

(3.839

0.744

U. 720

0.814

0.771

0. H99

0,829

0.863

0.817

0.792

0.709

0.634

0.548

0.866

0.709

0.817

0,692

0.815

0.794

0.8921

0.744

0.888

0.664

0.718

0.673

0.676

0.753

0.580

0.598

0.608

0.631

0.617

0.717

0.659

0.732

0.574

0.561

0.433

0.772

0.704

0.846

0.726

0.827

0.661

0,821

b.589

0.635

0.660

0.557

0.671

0.852

0.892

0.843

0.764

0.824

0.806

0.764

0.754

0.585

0.763

0.832

0.918

0.683

0.908

0.729

0.693

0.698

0.730

0.729

0.914

0.825 0.726

0.882 0.950 0.756

0.798 0.746 0.811 0.732

0.709 0.723 0.616 0. 7U1

0.704 0.724 0.579 IJ.7J6

0.628 0.736 0.473 (1. 728

0.815 0.77U 0.797 u. 754

0.684

0.498 0.579

0.474 0. 51M U.wi

0.901 0.6!49 0.56; 0.:.7)

n Spearman nonpar.wmtric correlation problem. All coefficients are significant at or above the 99.9X con fidc”ce level.

*
These  coefficients are  slgnif icant only at the 95% confidence level.

b The prefix “E” to the heavy metals  connotes the amount of the metal extractable by arI hyclroxylamine  hydrochloride-acetic acid IeaCI, I”8
procedure (Chester & Hughes, 1967). The prefix “N!?’ connotes the amount of th! metal not extracted by the same reagent,
U, Stl, St, Cl, Mu, C03, ond OC arc abbrevlatione  for depth, sand + grnwl , Hilt, clay, mud, curl> onutc, nnd orwmlc carbon, rcs[,cctiv~ly,



A comparison of the two-s~ep with the seven-step treatment results

revealed the additive effect of several chemical attacks on the sediment

particles: The seven–step sum was greater for every element except manganese.

Also, was observed that the number of steps, the severity and duration of treat-

ments, would modify the amount of metals leached. There was no firm leach-

able value, it was relative to the scheme and treatments employed.

Relevance of the Geochemical Studies on Metal Pollutant Behaviour

The foregoing sequential extraction data may be used as a potential means

to estimate the proportion of each of the eight metals that can be mobilized

into the seawater of the Beaufort Sea by changing the pH and oxidation-reduc-

tion potential of the sedimentary environment. Whether the perturbation is

an oil spill or dredge spoil dispersed in the nearshore arctic environment,

it would appear that only a minor portion of the total metal content in the

marine substrate would be potentially available for release into the water

column. Most likely, the direct physical and chemical effects of an oil spill

and/or dredge spoil (e.g., water turbidity change, sedimentation rate change,

etc.) to the environment would be far more important than any small increases

in dissolved metallic species mobilized from the natural bottom material.

The rate of release of the metals and their concentration gradient between

the sediment and the entire water column, the nature of the metal species

released, and the circulation characteristics, as well as turbulence, to dif-

fuse and remove the supplementary metal must be understood before one can

realize the relationship of the total released metal to the overall varia-

tions of dissolved metals in time and space.



The current fluxes of the eight metals into the Simpson Lagoon are

listed in Table XV. The metal inventories, their partitioning patterns and

fluxes would provide a bench mark to monitoring of pollution in the Beaufort

Sea shelf and adjacent coastal areas.

TABLE XV

-2 -1
AVER4GE FLUXES (~g cm yr EXCEPT Fe WHICH IS IN 104 ~g cm-2 yr-l) ,
FOR TOTAL (T) AND ACETIC ACID~HYDROXYLAMINE  HYDROCHLORIDE EXTRACTABLE (E)

HEAVY METALS IN SIMPSON LAGOON SEDIMENTS

v Cr Mn Fe co Ni Cu Zn
T E T E T E  T E T E T E  TE”TE

90 5.6 60 1.2 340 165 2.6 .29 9.6 2.5 30 4.2 22 4.0 100 17

421



REFERENCES

Agemian, H. and A. S. Y. Chau. 1977. A study of different analytical
extraction methods for nondetrital  heavy metals in aquatic sediments.
Arch Environ. Contain. Toxieol. 6:69-82.

Alexander, V., D. C. Burrell,  J. Chang, R. T. Cooney, C. Coulon, J. J.
Crane, J. A. Dygas, G. E. Hall, P. J. Kinney, 1). Kogl, T. C. Mowatt,
A. S. Naidu, T. E. Osterkamp, D. M. Schell, R. D. Siefert and R. W.
Tucker. 1975. Environmental Studies of an Arctic Estuarine System.
Corvallis,  Oregon: United States Environmental Protection Agency,
Final Report EAP-660/3-75-026. 536 pp.

Allen, J. R. L. 1965. Late Quaternary Niger Delta and adjacent areas:
sedimentary environments and lithofacies. American Association
Petroleum Geologists BuZZetin 49:547-600.

Barnes. P. W. 1974. Preliminary results of marine geological studies off
the northern coast of Alaska. In Huffort et al. (eds.), An Ecological
Survey in the Beaufort Sea. Washington, D.C.: United States Coast
Guard Oceanographic Unit. Oceanographic Report CG373-64:183-227.

Barnes, P. and E. Reimnitz. 1979. Ice gouge obliteration and sediment
redistribution event: 1977–1978, Beaufort Alaska. U.S. Geol. survey
Open File Rept. 79-848. 22 pp.

Barnes, P. W. and L. J. Toimil. 1979. Maps showing inner shelf circula-
tion patterns, Beaufort Sea, Alaska. Map MF-1125, U.S. Geol. Surv.,
Denver, Colorado.

Barnes, P. W., E. Reimnitz and D. Fox. 1982. Ice rafting of fine-grained
sediment, a sorting and transport mechanism, Beaufort Sea, Alaska.
J. Sedimentary Petrology 52 (in press).

Biscaye, P. E. 1965. Mineralogy and sedimentation of recent deep-sea
clay in the Atlantic Ocean and adjacent seas and oceans. Geo2. Sot.
Amer. Bull. 76:803-832.

Brindley, G. W. 1980. Order-disorder in clay mineral structures. In
G. W. Brindley and G. Brown (eds.), Crystal Structures of Clazj Minerals
and Their X-ray Identification. Monograph No. 5, Mineralogical
Society, London. pp. 125-195.

Burrell, D. C., J. A. Dygas and R. W. Tucker. Beach morphology and sedi–
mentology of Simpson Lagoon. In Alexander et al. (eds.), Environmental
Studies of an Arctic Estuarine Sgstem. Corvallis,  Oregon: United
States Environmental Protection Agency, Final Report EPA-660/3-75-026:
45-141.

Carsola,  A. J. 1954. Recent marine sediments from Alaskan and northwest
Canadian Arctic. Bull. Amer. Assoc. Pet?ol. Geol. 38:1552-1586.

422



Chao, T. T. 1972. Selective dissolution of manganese, oxides from soils
,and sediments with acidified hydroxylamine hydrochloride. soil Sci.
Sot. Amer. Proe. 36:764-768.

Chapman, V. J. 1960. Salt Marshes and Salt Dese~ts  of the World. London:
Interscience Publishers. 392 pp.

Chester, R. and M. J. Hughes. 1967. A chemical technique for the separa-
tion of ferro-manganese minerals, carbonate minerals and adsorbed
trace elements from pelagic sediments. Chem. Geol. 2:249-262.

Coffin, D. E. 1963. A method for the determination of free iron in soils
and clays. Can. J. Soil Sei. 43:7-17.

Daly, B. K. and H. J. Binie. 1974. A leaching method for the extraction of
acid oxalate–-soluble  aluminum and iron from soil in conjunction with
cation exchange leachings. Comm. in Soil Sei. and Plant Anal. 5{6):
507-514.

Denton, G. H. and T. J. Hughes. 1981. The Last Great Ice Sheets. New
York: John Wiley and Sons. 484 pp.

Dickinson, K. A., H. L. Berryhill, Jr. and C. W. Holmes. Criteria for
recognizing ancient berrier coastlines. In J. K. Rigby and W. K.
Hamblin (eds.), Recognition of Ancient Sedimentary Environments.
Tulsa: Society of Economic Paleontologists and Mineralogists. Special
Publ. 16. pp. 192-214.

Dygas, J. A. and D. C. Burrell. 1976. Response of waves and currents to
wind patterns in an Alaskan lagoon. ln D. W. Hood and D. C. Burrell
(eds.), Assessment of the Arctic Ma~ine Environment. Occ. Publ. 4,
Inst. Mar. Sci., Univ. Alaska, Fairbanks. pp. 263-285.

Dygas, J. A., R. Tucker and D. C. Burrell. 1972. Geological report on
the heavy minerals, sediment transport, and shoreline changes of the
barrier islands and coast between Oliktok  Point and Beechy Point. In
P. J. Kinney et al. (eds.), Baseline Data Study of the Alaskan Arctic
Aquatic Environment. Inst. Mar. Sci. Rept. R72-3, Univ. Alaska,
Fairbanks. pp. 61-121.

Dygas, J. A., R. Tucker, A. S. Naidu and D. C. Burrell. 1971. Preliminary
sedimentological  investigation of the Colville River and Oliktok Point
coastal region. In P. J. Kinney, D. Schell,  V. Alexander, A. S. Naidu,
C. P. MCROY and D. C. Burrell (eds), Baseline Data Study of the Alaskan
Arctic Aquatic Environments. Eight Month Progress 1970. Rept. R–71-4.
Inst. Mar. Sci. , Univ. Alaska, Fairbanks. pp. 48-82.

Eberl, D. and J. Hewer. 1976. Kinetics of illite formation. Geol. Sot.
AmeP. BuZZ. 87:1326-1330.

Flanagan, F. J. 1969. U.S. Geological Survey Standards-II. First Compi-
lation of Data for the New U.S.G.S. Rocks. Geochim. Cosmochim. Aeta
33:81-120.



Flanagan, F. J. 1973. 1972 values for International Reference Samples.
Geoch.im. -Cosmochim. Aetia 37:1189-1200.

Flint, R. F. 1943. Growth of the North American ice sheet during the
Wisconsin age. Geo1. See. Amer. BuZZ. 54:325-362.

Folk, R. L. 1968. Petrology of Sedimentary Rocks. Hemphills, Austin,
Texas. 170 pp.

Folk, R. L. and W. C. Ward. 1957. Brazes River bar - a study in the
significance of grain size parameters. J. Sedimental Pe-bology 27:
3-26.

Gearing, P., F. E. Plucker and P. L. Parker. 1977. Organic Carbon stable
isotope rations of continental margin sediments. Marine Chemistry
5:251-266.

Geological Society of Canada. 1970. Isotopic age map of Canada. Map
1256A.

Gibbs, R. 1965. Error due to segregation in quantitative clay mineral
X-ray diffraction mounting techniques. Am. Mineralogist 50:741-751.

Giovannini, G. and P. Sequi. 1976. Iron and aluminum as cementing sub-
stances of soil aggregates. I. Acetylacetone  in benzene as an
extractant of fractions of soil iron and aluminum. J. of Soil Sei.
27:140-147.

Godfrey, P. J., S. P. Weatherman and R. Zarenba. 1979. A geobotanical
approach to classification of barrier beach system. In S. P.
Weatherman (cd.), Barrier IsLands: From the Gulf of St. Laurence to
the Gulf of Mexico. New York: Academic Press. pp. 99-126.

Greene, H. G. 1970. Microrelief of an arctic beach. J. Sedimentary
Petrology 40:419-427.

Glaesser, J. D. 1978. Global distribution of barrier islands in terms
of tectonic setting. J. Geology 86(3):283-298.

Griffin, J. J., H. Windom and E. D. Goldberg. 1968. The distribution of
clay minerals in the world ocean. Deep-Sea Resea~ch 15:433-459.

Gupta, S. K. and K. Y. Chen. 1975. Partitioning of trace metals in
selective chemical fractions of nearshore sediments. Environ. Letts.
10(2):129-158.

Hayes, M. O. 1976. Transitional-coastal depositional environments. In
M. O. Hayes and T. W. Kana (eds.), Terrigenous Clastic Depositional
Environments. Tech. Rept. 11-CD. Columbia, South Carolina: Coastal
Research Division, Dept. Geology, Univ. South Carolina. 1-32-1-111.

Hayes, M. O. 1979. Barrier island morphology as a function of tidal and
wave regime. In S. P. Weatherman (cd.), Barrier Islands from the Gulf
of St. Laurence to the Gulf of Mexico. New York: Academic Press.
pp. 1-27.

424



Hayes, M. O. and T. W. Kana (eds.). 1976. Terrigenous elastic depositional
environments: some modern examples. Columbia, South Carolina: Tech.
Rept. 11-CRE, Coastal Research Division, Dept. Geology, Univ. Southern
Carolina. II–84 pp.

Hayes, J. B. 1973. Clay petrology of mudstones, Leg 18, Deep Sea Drilling
Project. In Initial Reports of the Deep Sea Drilling Project, Vol. 18.
Univ. California, Scripps Inst. Ocng., La .Tolla, Calif. pp. 903-914.

Hill, G. W. and R. E. Hunter. 1976. Interaction of biological and geological
processes in the beach and nearshore environments, northern Padre Island,
Texas. In R. A. Davis and R. L. Ethington (eds.), Beach and Nearshore
Sedimentation. Tulsa: Society of Economic Paleontologists and
Mineralogists. Special Publ. 24. pp. 169-187.

Hopkins, D. M. 1967. Quaternary marine transgressions in Alaska. In D. M.
Hopkins (cd.), The Bering Land Bridge. Stanford Univ. Press, Stanford.
pp. 47-90.

Hopkins, D. M. 1978a. The Flaxman Formation of northern Alaska: evidence
for an arctic ice shelf. Proc. American Quaternary Assoc. (AMQUA), ~
5th Biennal mtg., Edmonton, Canada. Abstract. 214 pp.

Hopkins, D. M. 1978b. Offshore permafrost studies, Beaufort Sea, Alaska.
Quarterly Rept. to OCSEAP, Environmental Assessment of the Alaskan
Continental Shelf, BLM-NOAA. pp. 253–261.

Hopkins, D. M. 1979. Development of northern hemisphere ice sheets during
the past 120,000 years: an aspect of the paleogeography  of the Arctic
Steppe biome. Paper prepared for Wenner–Gren Foundation, Burg
Wartenstein  Conf. {/81, “Paleoecology  of the Arctic Steppe–Mammoth Biome,
Austria (1979).

Hopkias, D. M. et al. 1977. Earth Science Studies. In Beaufort Sea
Synthesis Report. Environmental Impacts of OCS Development in Northern
Alaska. OCSEAP Arctic Project Office, Univ. Alaska, Fairbanks. Special
Bull. 15:43-72.

Hewer, J. and T. C. Mowatt. 1966. The mineralogy of illites and mixed-
layer illite-montmorillonites. Am. Mineralogist 51:825-854.

Hufford, G. L. 1973. Warm water advection in the southern Beaufort Sea,
August-September 1971. J. Geophzj. Res. 3:274-279.

Hughes, T., G. H. Denton and M. G. Grossward. 1977. Was there a late Wtirm
arctic ice bheet? Nature 266:596-602.

Hughes, O. L., C. R. Harington,  J. A. Janssens, J. V. Mattews, Jr., R. E.
Morlan, N. W. Rutter and C. E. Schweger. 1981. Upper Pleistocene
stratigraphy, paleoecology,  and archaeology of the Northern Yukon
Interior, Eastern Beringia: 1. Bonnet Plume Basin. Arc&ic 34:329-
365.

425



Htilsemann, J. 1966. On the routine analysis of carbonates in unconsoli-
dated sediments. J. Sedimentary Petrology 36:622-625.

Inman, D. L. 1952. Measures for describing the size distribution of sedi-
ments. J. Sedimentary Petrology 22:125-145.

Inman, D. L. and C. E.
classification of

Jackson, M. L. 1958.
Chemical Analysis.

Nordstrom. 1971. On the tectonic and morphologic
coasts. J. Geology 79:1-21.

Exchangeable cations of calcareous  soils. In: Soil
Prentice-Hall, Inc. pp. 88-89.

Johnson, M. W. 1956. The plankton of the Beaufort and Chukchi Sea area
of the Arctic and its relation to the hydrography. Arctic Inst. North
America. Tech. Paper No. 1. 32 pp.

Koide, M. and K. W. Bruland. 1975. The electrodeposition  and determination
of radium by isotope dilution in sea water and in sediments simultaneously
with other natural radionuclides. Anal. Chim. Acts 75:1-19.

Koide, M., K. W. Bruland and E. D. Goldberg. 1972. Th-228/Th-232  and
Pb-210 geochronologies in marine and lake sediments. Geochim. Cosmoehim.
Aeta 37:1171-1187.

Lahore, H., D. Morrison, G. Peterson, R. Roark and R. Sternberg. 1977.
Users’s Guide to -the Sediment Dynamics Data Acquisition System. Seattle:
Dept. Oceanography, Univ. Washington. 82 pp.

Leffingwell,  E. de K. 1919. The Canning River region, northern Alaska.
U.S. Geol. Surv. Prof. Paper 109. 251 pp.

McCann, S. B. 1979. Barrier islands in the Southern Gulf of St. Lawrence,
Canada. In S. P. Weatherman (cd.), BarPier Islands: F?om the Gulf of
St. Lawrence to the Gulf of Mexieo. New York: Academic Press. pp. 29–63.

Matthews, J. B. 1981. Observations of surface and bottom currents in the
Beaufort Sea near Prudhoe Bay, Alaska. J. Geophy. Res. 86:6653-6660.

Mountain, D. G. 1974. Preliminary analysis of Beaufort shelf circulation
in summer. In J. C. Reed and J. E. Sater (eds.), The Coast and Shelf
of the Beaufort Sea. Arctic Inst. North America, Arlington, Virginia.
pp. 27-42.

Mowatt, T. C. and A. S. Naidu. 1974. Gravels from the Alaskan Continental
Shelf, ,Beaufort  Sea, ARctic Ocean: petrologic character, and implica-
tions for sediment source and transport. Open File Rept. 43. Div. of
Geological and Geophysical Surveys, State of Alaska, Fairbanks. 12 pp.

Naidu, A. S. 1974. Sedimentation in the Beaufort Sea: a synthesis. In
Y. Herman (cd.), Ma~ine Geology and Oceanography of the Arctic Seas.
Springer–Verlag, N.Y. pp. 173-190.



Naidu, A. S. 1978. Sediment characteristics, stability, and origin of
the barrier island-lagoon complex, north–arctic Alaska. In: Environ-
mental Assessment of the Alaskan Continental Shelf. Annual Rept. of
the Principal Investigators, March 1978. vol. 10. National Oceanic
and Atmospheric Administration, Boulder, CO. pp. 628-686.

Naidu, A. S. 1979. Sources, transport pathways, depositional sites and
dynamics of sediments in the lagoon and adjacent shallow marine region,
northern arctic Alaska. In: Environmental Assessment of the Alaskan
Continental Shelf. Annual Rept. of the Principal Investigators, March
1979. Vol. 8. National Oceanic and Atmospheric Administration,
Boulder, CO. pp. 98-181.

Naidu, A. S. 1980. Sources, transport pathways, depositional sites and
dynamics of sediments in the lagoon and adjacent shallow marine region,
northern arctic Alaska. In: Environmental Assessment of the Alaskan
Continental Shelf. Annual Rept. of the Principal Investigators, March
1980. vol. 7. National Oceanic and Atmospheric Administration,
Boulder, CO. pp. 3-67.

Naidu, A. S. 1981. Sources, transport pathways, depositional  sites and
dynamics of sediments in the lagoon and adjacent shallow marine region,
northern arctic Alaska. In: .Ern?ironmental Assessment of the Alaskan
Continental Shelf. Annual Rept of the Principal Investigators, March
1981. National Oceanic and Atmospheric Administration, Boulder, CO.
In press. 142 pp.

Naidu, A. S. and T. C. Mowatt. 1974. Aspects of size distributions,
mineralogy, and geochemistry of deltaic and adjacent shallow marine
sediments, north arctic Alaska. In: An Ecological Smey in the
Beaufort Sea. U.S. Coast Guard Oceanog. Unit, Washington, D.C.
Ocng. Rept CG 373-64:238–262.

Naidu, A. S. and T. C. Mowatt. 1975. Depositional environments and sedi-
ment characteristics of the Colville and adjacent deltas, northern
Arctic Alaska. In M. L. S. Broussard (cd.), Deltas: Models for Sub-
surface Exploration. Houston Geol. Sot., Houston, Texas. pp. 284–309.

Naidu, A. S. and T. C. Mowatt. 1976. Significance of textural criteria in
the recognition of ancient polar deltaic sediments. In T. C. Miller
(cd.), Recent and Aneient Sedimentary Environments in Alaska. Alaska
Geol. Sot., Anchorage, D1-D12.

Naidu, A. S. and T. C. Mowatt. 1982. Sources and dispersal patterns of
clay minerals in surface sediments from the continental shelf areas
off Alaska. Bull. Geol. Sot. America. In press.

Naidu, A. S. and H. V. Weiss. 1982. Sedimentation rate and Pb-210
atmospheric flux in an arctic coastal region. Submitted for publica-
tion,

427



Naidu, A. S., T. C. Mowatt, S. E. Rawlinson  and H. V. Weiss. 1982. Barrier
island-lagoon system of North Arctic Alaska: lithologies, depositional
processes, evolution and stability. In P. W. Barnes, E. Reimnitz and
D. Schell (eds.), Arctic Shelf Physical and Biological Environment:
uith Examples from the Beaufort Sea. Academic Press. In press.

Nittrouer, C. A., R. W. Sternberg, R. Carpenter and J. T. Bennett. 1979.
The use of Pb-210 geochronology as a sedimentological tool: applica–
tion to the Washington continental shelf. Marine Geology 31:297-316.

Northern Technical Services. 1981. Beaufort Sea Drilling Effluent Disposal
Study . Anchorage, Alaska: NORTEC. 329 pp.

Olade, M. and K. Fletcher. 1974. Potassium chlorate-hydrochloric acid:
a sulfide selective leach for bedrock geochemistry. J. Geochen.
Exp 20?. 3:337-344.

Owens, E. H. 1975. Barrier beaches and sediment transport in the southern
Gulf of St. Lawrence. Proceedings 14th Coastal Engineering Conference
(ASCE, New York), Vol. II. pp. 1177-1193.

Pelletier, B. R. 1979. Review of surficial geology and engineering hazards
in the Canadian offshore. Maritime Sediments 15:55-91.

Prest, U. K. 1969. Retreat of Wisconsin and Recent ice in North America.
Geol. Surv. Canada Map 1257A.

Rader, L. D. and R. S. Grimaldi. 1961. Chemical analysis for selected
minor elements in Pierre Shale. U.S.G.S.  Prof. Pap. 391-A, pp. A1-A45.

Rateev, M. A., Z. N. Gorbunova, A. P. Lisitsyn and G. L. Nosov. 1969. The
distribution of clay minerals in the oceans. 5’edimentology  13:21-43.

Reimnitz, E. and P. W. Barnes. 1974. Sea ice as a geologic agent on the
Beaufort Sea shelf of Alaska. In J. C. Reed and J. E. Sater (eds.),
The Coast and Shelf of the Beaufort Sea. Arctic Inst. North. Amer.,
Arlington, Virginia. pp. 301-353.

Reimnitz, E., P. W. Barnes and T. R. Alpha. 1973. Bottom features and
processes related to drifting ice on the arctic shelf. U.S. Geol.
Surv. Misc. Field Studies Map F-532.

Reimnitz, E., P. W. Barnes, T. Forgatsch and C. Rodeick. 1972. Influence
of grounding ice on the arctic shelf of Alaska. Marine Geology 13:
323-334.

Reimnitz, E., P. W. Barnes, L. J. Toimil and J. Melchior. 1977. Ice gouge
recurrence and rates of sediment reworking, Beaufort Sea, Alaska.
Geol. 5:405-408.

Reimnitz, E. and D. K. Maurer. 1978. Storm surges in the Alaskan Beaufort
Sea. U.S. Geol. Surv. Open File Rept. 78-593. 26 pp.



Rex, R. W. 1964. Arctic beaches, Barrow, Alaska. In R. L. Miller (cd.),
Papers in Marine Geologg: Shepard Commemorative Volume. New York:
The Macmillan Company. pp. 384–400.

Schell, D. M. 1980. Beaufort Sea Winter Watch. Ecological Processes in
the Nearshore Environment and Sediment–Laden Sea Ice: Concepts,
Problems and Approaches. Fairbanks, Alaska: Arctic Project Office,
Geophysical Institute, University of Alaska. 74 pp.

Schwartz, M. L. 1973. Barrier Islands: Benelwna~k Papers in Geology.
Stroudsburg,  Pennsylvania: Dowden, Hutchinson and Ross, Inc. 451 pp.

Shepard, F. P. 1960. Gulf coast barriers. ln: Recent Sedimentations,
Northwestern Gulf of Mexico. Tulsa: American Asso. of Petroleum
Geologist. pp. 197-220.

Shepard, F. P. and D. G. Moore. 1955. Central Texas coast sedimentation:
characteristics of sedimentary environments, recent history and dia-
genesis. Tulsa: American Asso. of Petroleum Geologists Bull. 39:1463-1593.

Sibbesen, E. 1977. A simple ion-exchange resin procedure for extracting
plant–available elements from soil. Plant and Soil 46:665-669.

Stoiber, R. E., J. B. Lyons, W. T. Elberty and R. H. McCrehan. 1956. Petro-
graphic evidence on the source area and age of T-3: Final Rept., AFCRC
Contract No. AF19(604)-1O75, Dartmouth College. pp. 58-72.

Swift, D. J. P., D. J. Stanley and J. R. Curray. 1971. Relict sediments
on continental shelves: a reconsideration. J. Geol. 79:322-346.

Tucker, R. W. 1973. The sedimentary environment of an arctic lagoon. M.S.
Thesis, Univ. Alaska. University Microfilms, Ann Arbor, Michigan.
96 pp.

Weaver, C. E. 1958a. The effects and geologic significance of potassium
“fixation” by expandable clay minerals derived from muscovite, biotite,
chlorite and volcanic material. Am. Mineralogist 43:839-861.

Weaver, C. E. 1958b. Geologic interpretation of argillaceous sediments.
Part I, origin and significance of clay minerals in sedimentary rocks.
Amer. Assoc. Petrol. Geol. 42:254-271.

Whitehouse, U. G., L. M. Jeffrey and J. D. Debbrect. 1960. Differential
settling rates of clay minerals in saline waters. Proc. Seventh Nat.
Clays and Clay Minerals Conf., Earth Sci. Monograph No. 5. pp. 1-79.

Wiseman, W. J., Jr., J. M. Coleman, S. A. Shu, A. D. Short, J. N. Suhayda,
C. D. Walters, Jr. and L. D. Wright. 1973. Alaskan arctic processes
and morphology. Baton Rouge: Coastal Studies Institute, Louisiana
State Univ. Tech. Rept. 149. 171 pp.


